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PREFACE

This Third Edition of the NONDESTRUCTIVE EVALUATION (NDE) CAPABILITIES
DATA BOOK was prepared as a Technical Area Task under the auspices of the
Nondestructive Testing Information Analysis Center (NT1AC) at Texas Research
Institute Austin, Inc. (TRI/Austin) under Contract SP0700-97-D-4003. Funding for the
Third Edition was provided by the Federal Aviation Administration (FAA) through the
FAA Airworthiness Assurance NDI Validation Center (AANC) at Sandia National
Laboratories under Subcontract AU-6825. The First Edition of the NDE CAPABILITIES
DATA BOOK, published in May 1996, was prepared as an NTIAC Technical Area Task
under Contract DLA900-90-D-0123, Delivery Order No. 0005, with funding provided by
the Defense Technical Information Center (DTIC). The Second Edition of the NDE
Capabilities Data Book, published in May 1997, was prepared as an NTIAC Technical
Area Task under Contract DLA900-90-D-0123, Delivery Order No. 0014, with funding
provided by the FAA. Compilation of all three Editions of the Data Book was
accomplished jointly by Mr. Ward D. Rummel and Dr. George A. Matzkanin, NTIAC.
Data analysis and organization were performed primarily by Mr. Rummel's team under
Lockheed Martin and D&W Enterprises, Ltd. subcontracts fiom TRI/Austin.

The NDE CAPABILITIES DATA BOOK is intended to provide a condensation of
available reference data for demonstrated NDE performance capabilities (probability of
detection, POD) in a single source. It is expected that the Data Book will be updated as
new data are generated and made available; the three-ring binder design provides
flexibility for incorporating future additional information in individual chapicrs and in the
form of added appendices. The Third Edition is available in both hard copy printed form,
and on compact disk (CD) in Microsoft Windows 95/Word 6.0/ Excel 7.0 formats. Both
NDE capabilities (POD) and the raw data used in the analysis are archived in electronic
form on the CD.

F'or additional inform-ation, contact Ms. Shelly Clark at NTIAC at:

415 Crystal Creek Drive
Austin, TX 78746-4725
Phone: (512) 263-2106 or (800) NTIAC 39
Fax: (512) 263-3530
E-mail: clark@1ntiac.com
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OVERVIEW

The NDE CAPABILITIES DATA BOOK consolidates and organizes available reference
data for demonstrated NDE performance capabilities into a single source. In the First
Edition, data generated and documented in various forms over the past 25 years through a
number of government and private programs were analyzed, organized and presented in a
systematic, common fortmat. The Second and Third Editions include more recent NDE
performance capability data. Guidelines arc presented for selecting options for use of
NDE and for assessing the potential to meet design requirements (critical flaw detection
requirements). Guidelines for demonstration of specific NDE process capabilities are
also presented.

Following a 65 page text (7 chapters) describing various aspects of NDE capabilities
quantification, probability of detection (POD), and damage tolerance concepts, 411 POD
curves are organized and presented in a series of Appendices (an Index to the Appendices
is provided). The Appendices are organized by NDE method to provide reference POD
data; NDE procedure capabilities included in the Data Book are:

ET - Eddy Current Inspection MT - Magnetic Particle Inspection
UT - Ultrasonic Inspection VT - Visual Inspection
RT - X-Radiographic Inspection ZT - Emerging inspection Processes
PT -. Liquid Penetrant Iuspection (visible and fluorescent)

A documentation page precedes each data-set and provides a condensed description of the
test object, test artifacts, NDE procedures and results summary. The POD curves for
varying test object, test artifact and data collection conditions follow the documentation
page. POD data are presented as a function of crack length, and as a function of crack
depth and crack depth-to-thickness ratio for selected data sets. POD curves are based on
hit/miss data using the log-logistic model. Original reference source information is
provided for each data set.

Materials covered in the First Edition Data Bool; include:

Aluminum (2219 T-87 and 2024 T-37)
Stainless steel (AMS 355)
Titanium-6A14V

POD curves added in the Second Edition Data Book for specific applications include:

4340 Steel Flat Plate Panels
Bolt Holes in i85 Scvcnth Stage Compressor Disks
Visual Inspection of Fatigue Cracks in Inconel 718 and HaynEs 188 Flat Plates
X-Radiography of 5.060 Inch Thick and 0.250 Inch Thick 4340 Steel Flat Plates
"Edge of Light" Inspection of Bolt I loles in .185 Seventlh Stage Compressor Disk:s

lv
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POD curves added to the Third Edition Data Book for specific applications include:

Aircraft Stiffened Stringer Panel-;
Lack of Penetration Defects in Aluminum Alloy GTA Welds
Longitudinal and Transverse Fatigue Cracks in Welds with Crowns
Longitudinal and Transverse Fatigue Cracks in Flush Welds
Water Washable Fluorescent Penetrant on Haynes 188 Flat Panels

If you have validated POD data that you would like to contribute to future added
appendices/applications of the NDE CAPABILITIES DATA BOOK, please contact:

Dr. George Matzkanin
NTIAC
415 Crystal Creek Drive
Austin, TX 78746-4725
Phone: (512) 263-2106 or (800) NTIAC 39
Fax: (512) 263-3530
E-mail: matzkanin ntiac.coni

OR

Mr. Ward Rummel
D&W Enterprises, Ltd.
8776 W. Mountainview Lane
Littleton, CO 80126-9206
Phone: (303) 791-1940
E-mail: wardr@bewellnct.com
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NONDESTRUCTIVE EVALUATION (NDE) CAPABILITIES DATA BOOK

1. INTRODUCTION AND SUMMARY

Nondestructive Testing (NDT), Nondestructive Inspection (NDI) and Nondestructive
Evaluation (NDE) denote variations in application of materials evaluation techrnology that
range from process control to the measurement of a material characteristic that is critical
to the structural integrity and safe operating life of an engineering system. NDE is used
in this document to provide identify to the integrated technology of quantitative materials
evaluation. A major feature of the technology is that materials evaluation is completed
without changing or destroying the object of interest. Familiar processes / procedures that
are part of the technology include:

* Liquid penetrant inspection:
*• Magnetic particle inspection;
* Radiographic inspection (X-ray and gamma ray);
* Electromagnetic inspection;
* Ultrasonic inspection; and
* Thermographic inspection

Questions of primary engineering interest in the application of N[)E are:

* What inspection methods are applicable'?
* H-ow small a flaw can it detec

S lWhat are the relative costs of inspection?
. What special equipment and/or facilities are required?
* What arc the spec;al personnel training and skill development

requirements'?
* \hat uhective evidetice of thp inspection (out-put) is provided?

0 What are the requirements for demonstrating an NDE procedure
perlbrmance capability level?

0 What are the requi -cments for process control to maintain a
performance capability level?

• What are the human factors requirements for demonstrating and
maintaining a pcrlormance capability level?

0 What objective evidence of NDE procedure / personnel
performance capabilities are available?

Numerous references are available to explore the basic principles and functional
applications ol" 'IL):, methods IRZI: 1-1 1. In like manner, reference materials for general
personnel qualitication are available IREF 1-21. Data on the performance capabilities of
various NIDF procedures (I low good arc the procedures?) are, however, scattered in
different reference sources and are not conveniently available to the user community.
This NONDEISTRUCTIVE EV.ALUATION (NDE) CAPABILITIES DATA BOOK is
intended to be a baseline lor engineering analyses in the form of a condensed reference to
previously demonstrated NDI)- capabilities. It is intended to be a companion to

1 "1- 1



NONDESTRUCTIVE EVALUATION (NDE) CAPABILITIES DATA BOOK

DAMAGE TOLERANCE and SAFE-LIFE analysis tools that are integral to
quantitative design practices and "fracture control" and SAFE-LIFE of engineering
hardware. The starting point for DAMAGE TOLERANCE and SAFE-LIFE analyses
is input of a flaw size that is assumed to be present at the time of hardware / system
acceptance test or at the time of inspection during periodic maintenance / overhaul.
DAMAGE TOLERANCE and SAFE-LIFE analyses provide a quantified basis for
structural integrity in the form of a "critical crack size" or "assumed crack size" required
for SAFE-LIFE. The most desirable assumption would be "no cracks" and many
engineering documents specify "no cracks" as a requirement for acceptance. However,
experience, economics and materials behavior do not, however, support a "no cracks"
criteria as a basis for SAFE-LIFE design.

The evolution of deterministic engineering design processes often included destructive
and nondestructive materials evaluation to provide confidcnee in the "fitness fbr purpose"
Of hardware that was identical, or similar to, hardware that had been in service in a
particular application and / or industry. If a component failed, subsequent components of
similar design would have added requirements that often included a requirement for
nondestructive inspection / materials evaluation. A SAFE-LIFE was achieved, in part, by
reliance on the unquantified capabilities of a specified nondestructive inspection
procedure. A specified "no cracks" criteria was, therefore, that crack size that was
revealed by application of the specified nondestrurtive inspection / evaluation (NDE)
procedure.

Experience has shown a wide variation in the "crack detection" capabilities for NDE
procedures that are completed to the same "specification" requirements. Failure of a
procedure to meet expectations is most often due to a failure to qualify and validate
procedure performance or to a degradation of a procedure with time. The result of
application of an inadequate or degraded procedure may result in considerable (and often
unanticipated) risk to the safle-life of an engineering system. "Standardization" of NDF
procedures has been addressed by the generation and application of ND I
specifications". Such specifications have most often addressed the "1HOW TO" element
of procedure application with lesser emphasis on quantification of results / output or on
the process control required to attain NDF process, and hence, hardware reliability.

A firm requirement to quantify and demonstrate the capabilities of' NDE procedures v is
imposed by the development and application of f'racture mechanics in DAMAGE
TOLERANCE and SAFE-LIFE design practices. Fracture mechanics analysis produced
a single valued "critical crack size" as a basis fm DAMAGE TOLERANCE and
SAFE-LIFE analysis. Detection of cracks 1,elow the"critical crack size" is required for
the implementation of' "fracture critical" and SAFE-LIFE analysis. Nondestructive
evaluation involves multiple process variables and does riot produce a single valued
result. Variances in nondestructive evaluation process capabilities were addressed using
the tools that were developed for establishing materials properties design values in the
form of the "l'robability of l)etection (1O'1))" as a function of'crack / flaw size.

1-2



NONDESTRUCTIVE EVALUATION (NDE) CAPABILITIES DATA BOOK

The concept of "Probability of Detection (POD)" was introduced in 1973 and was
incorporated into design rcquirements for the National Aeronautics and Space
Administration's (NASA). Space Shuttle program. [REF 1-3 thru 1-6]. Similar
requirements were initiated by the United States Air Force [REF 1-7 thru 1-9]. The
"Probability of Detection (POD)" concept and methodology have gained widespread
acceptance and continuing improvements have enhanced its acceptance as a useful metric
for quantifying and assessing NDE capabilities. Since a wide range of NDE methods and
procedures are used in "firacture control" of engineering hardware and systems, a large
volume of' POD data has been generated to validate the capabilities of specific NDE
procedures in a multitude of applications.

It is beneficial to the technical coi Munity, and to the general public, to share engineering
data and to provide common baselines fbr assessing the capabilities and 1or quantifying
the confidence measurements that are integral to modern engineering technology
products. Such engineering data have been most oflen consolidated and documented in
the fbrm of"lHandbooks of Design Principles, Values and Parameters" that are shared by
engineers who work in a specific technology discipline. The "tltandbook" values and data
are incorporated into "state of the art" engineering practices to produce a "standard" for
continuing enrgincering application, and are incorporated into education programs for the
next generation of engineers.

POD data are specific to specific NIE procedures and applications and do not readily fit
the "H-landbook" paradigm. Condensation of POD data are therefore presented in the form
of this "Databook" and users arc cautioned that the data are valuable for purposes of
reference and general understanding of NDE capabilities, but specific NDE apabilities
validation data and disciplines must be gcneratl•. _jthe user to support critical
hardware design and use.

In summary, the purpose of this databook is to provide a condensation of quantified
capabilities data that have been developed and documented in previous applications. Its
intended use is as a single point reference to results that have been obtained in state-of-
the-art NIlE applications and thereby provide a link to prior art. The modular format of
the data book anticipates data additions that may include additional NDE processes and
procedures and various procedure applications.

(juidelines are presented for selecting options for use of NDE and for assessing the
potential to meet design requirements (critical flaw detection requirements). Guidelines
for demonstration of specific NDE process capabilities are also presented. The
complex, multiparameter nature of NI)l procedure application demands characterization
and demonstration of specific user proce'dures to provide confidence in performance in a
specific application. '[lhe data presented herein may be used as a baseline for prediction
and comparison of general capabilities and to increase confidence in the use of limited

1-3



NONDESTRUCTIVE EVALUATION (NDE) CAPABILITIES DATA BOOK

data sets that arc consistent with those obtained in prior work. The link of user data to
NDE CAP'ABILITIES DWT,4T BO0K data is the responsibility of the user.

NOTE: Nondestructive evaluation capabilities vary widely with
characteristics of the test object and with precision in NDE procedure
application. The guidelines and data presented are specific fo the
applications and application conditions that accompany the data. Special
conditions and/or stage of application of NDE in the production process must
be included in the NDE requirements and process analyses. For example,
etching may be required before penetrant inspection; inspection may be
required before shot peening; inspection may he required before and after
proof loading; special considerations for mal-oriented flaws may be
required; and special considerations for special materials, processes or
applications may be required.

This document shall not bt used as the primary basis f b
acceptanc crria, Design acceptance criteria must be established analytically
as part of the integrated design process (i.e. system functional analyses, stress
analysis, thermal analysis, fracture mechanics analysis, use constraints, life-cycle
fatigue analysis I(SAFE-LIFE), (FAIL SAFE), (DAMAGE TOLERANCE )]
etc.)

CAUTION: No direct or indirect involvement or responsibility is taken for
interpretation or use of data presented herein. "Qualification. Validation and
Certifigation" of procedures or individual capabilities by a user and liability
resulting front performance of inspections by the user are the responsibility of the
user / perforniiixg organization. No real or implied liability is assumed by reference
to data presented herein.
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2. ABOUT TIlE DATABOOK

2.0 PURPOSE

The purpose and goal of the NDE CAPABILITIES DA7A BOOK are to document
demonstrated capabilities of NDE procedures in various applications and to identify NDE
process parameters, controls and variances that characterize the results obtained.
Collection, condensation and quantification of process capabilities are hallmarks of a
maturing engineering technology. The science of NDE and NDE applications are
expanding a:. a rapid rate and will increase further as economies drive life-extension of
engineering systems as a tangible alternative to replacement. Expectations for
engineering systems will remain high and accountability in systems rnanagement will
drive accountability in NDE and maintenance procedures,

Documented NDE perfbrmance capabilities are necessarily incomplete and are intended
to be updated as new data are generated and made available. The data book is therefore
partitioned such that any chapter may be individually updated. Additions to the data book
may be nmce in the form of added appendices. An important aspect of the data book is
the archiving of "raw data" such that users may compare documented performance
capabilities for a specific procedure with prior, demonstrated capabilitie:s. Raw data are
archived in both hard copy and electronic form (EXCEL spreadsheet [REF 2-1]) and may
be provided under separatc cover for user convenience, The raw data are also expected to
provide a baseline for the development of first principles science methods and thereby to
aid in the advancement of NDE technology.

Data presented are intended to be used for purposes of reference only. The complex
nature of NI)E processes and applications require that individual capabilities
demonstrations be completed to meet the requirements of a specific design / application.

2.1 ANTICIPATEI) USFRS

Anticipated individual users of the information / data provided are:

W 'The designer
- The materials enginee,
* The reliability and safety engineer
* The maintenance engineer
* Thc manufacturing / production process engineer
• The liaison (rework and repair) engineer
a '[lhc life-cycle maintenance manager
to The hardware / system operator and customer(s)

NDE PROCESS 0 The NI)E engineer
DESICjN
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PROCESS 7 The NDE process manager
IMPLEMENTATION 

Tp.a

RESEARCH/ _I'hc NDE technology engineer / scientist
ADVANCED NDE
TECHNOLOGY

The engineer'ing design process involves the integration of tit, form and function
requirements with weight, producibility, durability and margins for critical parameters.
Tihe design envelope is necessarily constrained by producibility and durability /
maintainability and trade-offs are often required to optimize the life-cycle function of the
design object. The role of NDE- is that of providing confidence that indirectly measurable
materials properties and materials continuity requirements have been satisfied Damage
tolerance and safe-life design processes require quantification ofNDE capabilities for use
as a design parameter. It is important to note that most design applications require only

confirmation that materials / use parameters arc within the design envelope established by
"1prior-art" design / use and only a small number of' designs impose special NDE
requirements fbr "fracture control". The transition ftom a "No flaws / cracks" to an
"assumed initial flaý / crack size" as a basis for damage tolerance and safe-life design
challenged both the design and N l)l communities,

Conmmunication of' design requirements and NDI{ performance requirements as
quantitative values is an iterative proc.'ss and requires integration of an expanded group
of technologists into the design process. The initial question from the designer is:

"I "low SMALL a filaw can be found by YPiJIW. u

The propelr question is:

"I- low LARGiE a flaw might be missed by NI)F?"

-The answer to the second question is dependent on a multitude of parameters that include:
part material, part configuration, part accessibility, surftace condition, sequence in the part
lifle-cycle. etc. As the design process progresses, essential characteristics of' the design
must be communicated and quantified to provide the Nl)l crack size metric. Traditional
engineering practices have relied heavily on "prior art" as the starting point for a new
design and damage tolerance and saftc-life design is im exception. Since much of the
"pr'ior art"' in ND11 did not inlvolve quantification of capabilities, somec assumptions were

required to translate "prior art" to "generic N1)I: capabilities". "(icneric N1)1
capabilities" were incorporated into "lFracture Analysis Models" IRH" 2-21 and have been
up-dated as more quantitative data were obtained. The "gencric N 1)1: capabilities"
assume knowledgeahle and disciplined NI )I£ al)plication / process control and are mA• l
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"recipes" for success by ceremonial applications of NDE processes. For critical designs /
applications, specific NDE procedures must be developed and validated to assure that the
quantified design assumptions / requirements are met. "Special NDE" disciplines must
then be up ,tied to assure continuing pcrformance of the validated capability.

A starting point for both "generic NDE capabilities" and for "special capabilities"
requirements is "prior art" that has been demonstrated in similar applications. This data
book provides a reference source for "prior art" demonstrations, Consider the functional
diagram shown in Figure 2-1.

REFERENCE
CAPABI LITI ES

DESIGN RESEARCH

REQUIREMENTS DEVELPMEN

VALIDATION_-
REQUIREMENTS

FIC(URE 2-1 NDE Integration in the D)esign Process

Both the design engineer and the ND)I engineer have an initial common baseline in
relference to "generic" and demonstrated NI)l- capabilities. If' the design / use
requirements are outside the envelope of "prior art" or the design is determined to be
"fracture critical", special NI)F requirements must be applied. NDE engineering
Sinvolvement fi-r both, "gencric" and "speciaL ND" is required early in the design process

to assure that the necessary NE)1- tools / processes are available for implementation. If the
NI)' requirements are beyond the "prior art" knowledge / database, research and
development may be necessary to imlplcment the design. Cost and schedule
considerations imposed by "special NI)" must be included in the design implementation
process. The next crilical NI)lE task in design implementation is in validation of ND)l
procedures to be applied to assure that (dcsign requirements are met. The validation step is
critical to all NI)1' applications and is not limited to the implementation of special NI)E
reqluircmlclnts. P3rovisions nIlust be inadc l'or re-validation to accommodate NI)'
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procedure / equipment / personnel changes and for validation of procedures used in
"rework" / design modification / changes.

The needs of all users have been considered in the organization of the data book text. The
needs of the NDE engineer have been given primary consideration in the organization of
the NDE capabilities data.

In NDE applications, the persistent and incorrect perceptions of engineers, scientists, and
the general public are that:

0 All inspections provide 100% coverage;
0 No flaws are present after an inspection is completed; and
* The inspection process sets the acceptance criteria.

This data book provides an additional reference to both state of the art engineering

processes and realistic expectations of the processes.

2.2 DATA ORGANIZATION FOR THE NDE USER

The nature awd capabilities of NDE procedures in various applications are complex and
are dependent on the:

* Nature of the tcst objcct

• Nature of the flaw (characteristic to be detected / quantified)

0 NI)1E application environment
• NDI.U processing materials
4 NDE equipment
* Reference artilacts used in "calibration" / "process control"

* 1'he Imoccdiuc used in establishing the rcfirencc measurcieent

(calibration level)
* NDI)I process / procedure and method of application

* NDF, skills / human Factors

The complex, multiparamctric nature of NI)l procedure application demands
characterization and demonstration of specific user procedures to provide confidence in
perf:armance in a specific application. T'he demonstrated N)I) data are organized for
convenient refcrence to "prior art" and may not be representative of the capabilities of a
specific application using different parameters and / or personnel skill capabilities. The
responsibility remains with the user to provide validation of individual NDE capabilities.

NOTE: This document shall not be useLdasi-he,_rimary basis for establishing
acceptanceciteia, l)esign acceptance criteria must be established analytically as part
of the integrated design process (i.e. system functional analyses, stress analysis,
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thermal analysis, fracture mechanics analysis, use constraints, life-cycle fatigue

_ analysis [(SAFE-LIFE), (FAIL SAFE), (DAMAGE TOLERANCE)], etc.)

2.3 NDE PROCESSES ADDRESSED

Nondestructive evaluation (NDE) procedures using various physical / process
principles are used in various applications. NDE procedure capabilities included in this
document are:

0 ET - Eddy Current inspection
* MT - Magnetic Particle Inspection
0 PT - Liquid Penetrant Inspection (visible and fluorescent)
* UT - Ultrasonic Inspection
* VT - Visual Inspection
* RT - X-radiographic Inspection
* ZT - Emerging Inspection Processes

Additional classifications may he added as additional NDE methods are more generally
applied.

Note: Trademark terms commonly used in reference to widely applied NDE/NDI
processes include: "Zyglo" ý- Fluorescent penetrant inspection; "Dye Chek" = Visible
penetrant inspection; and "Magnallux" = magnetic particle inspection ("Zyglo", "Dye
Chek" and "Magnafiux" are Trademarks of the Magnaflux Corporation, Chicago, I11.
and no endorsement is offered or supported).

2.4 SUMMARY

This N)IE ('AItA3BLITIES DATA BOOK is viewed as a companion to damage tolerance
and safe-life analyses tools and handbooks. Requirements, roles and responsibilities obr
the application, quantification and use of general practice and specific (special NDE)
practice data are identified. links to and acccptability of design requirements are
described and methods for using the documented capabilities are discussed. The NDE
"('AtPALILiTtS l)A/l B 1300K is offered as a baseline rcfe-rence source for quantitative
NI)E procedure application. The user i:; responsible lbr excellence in application and in
use of the data presented.
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3. NONDESTRUCTIVE EVALUATION (NDE) APPLICATIONS

3.0 NDE USAGE

Nondestructive evaluation is used for many purposes and the required rigor of application
may vary with intended use of the results. Use of NDE process output includes:

* General industrial process control;
* General exchange in commerce;
* General configuration and general fitness for purpose acceptance;
* Continuing fitness for purpose acceptance in maintenance;
* Fitness for purpose acceptance during and following rework and

repairs;
* Fitness for purpose assessments for life extension

The known characteristics, capabilities and rigor in application vary with the specific
needs and heritage of the application. For process control and general applications in
commerce, emphasis is on continuation of the processes / procedures that made the
product successful. For new applications and/or required improvements in application,
use of emerging engineering tools may provide an economical alternative. It is important
to note that:

0 "-All NDE process applications do not require specific quantification *4

NDE procedures incorporate multiple parameter processes and systematic control of
process parameter variations are required to assure continuity and consistency in
application. If large margins for variance are accommod-ited in applications requirements,
the historical, deterministic approach to process control may be adequate to meet
requirements. When a quantified approach is required, the methods and engineering
database provided herein may be more applicable

3.1 NON-QUANTITATIVE NDE APPLICATIONS AND TECHNOLOGY
GROWTH

Quantification of' NDE capabilities is a relatively new element of NDF. engineering
technology and many applications do not require quantification or qualification of NDE
process capabilities. These include non-critical applications, applications with large
design margins, use of' NI)I sensors in automated condition sensing / in-process control,
(usually very large margins), and applications that involve extension of' "prior art'. In
general, if the result of failurc of a component does not involve loss of life or significant
(life-cycle system) economic loss, ND1. capabilities may not require demonstration and
may be assumed to be at a "state of the art" level. Excellence in meeting requirements in
such applications is considered to be a part of overall product "workmanship".
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3.1.1 NDE IN GENERAL COMMERCE

NDE processes applied in general commerce arc used to provide control in assuring the
"general quality" of the product being provided. Many of the "codes, standards,
specifications and regulations" used in general commerce impose requirements to
perform NDE (type) and procedural (how to) requirements for applying the NDE process,
but have no requirements for quantifying the level of discrimination provided by the
process. The "calibration" (reference artifact(s)) procedure is assumed to provide a
reproducible (but unquantified) level of discrimination and the discrimination level is
often "assumed" to be at the "calibration" level. For example, eddy current inspection
may be applied to the acceptance of welded pipe for use in pressurized systems. Pipe
produced that does not meet the "general quality" for use in pressurized systems may be
used as fence posts. "prior art" provides the basis for use of the "specified" procedures
and the acceptance margins (design margins) that have been demonstrated (but not
quantified), in practice, to provide a "safe-life" for the intended purpose (fitness for
purpose and life-cycle service usage). Service use as fence posts differs greatly from that
in a pressurized pipe systems and the "fitness for purpose" requirements vary with the
"general quality level" implied by application of the NDE proc'dure.

"Prior art" is the basis for many of the NDE procedures applied in commerce and has
provided a basis for acceptance of the general NDE capabilities performance levels that
are used in general NDE engineering. The responsibility for maintaining a continuing
level of NI)lE process control is part of the warranty of the producer and a part of the
warranty of the user / operator. Quantification of NDE procedure capabilities as described
herein, provides an objective basis tfor assuring a continuing level of NDE process control
and may be linked to "prior art" applications to provide continuity in product / process
reproducibility.

3.1.2 NI)E IN GENERAL INDUSTRIAL PROCESS CONTROL

SN1)l; is routinely applied in general industrial process control for both feedback and
acceptance. Acceptance requirements arc general and most often provide the evidence
and confidence level in process "workmanship" and "product excellence". A fmniliar

example is the application of X-radiography and liquid penetrant processes to monitor the
general quality and integrity oi welds. The intended use of the welds may not be specified
or reflcected in the "acceptance criteria", but instead establishes a reasonable level of
"workmanship" for the weld process. Associated with the acceptance are "assumed"
levels of capabilities and excellence in the X-radiographic and liquid penetrant (NDE)
processes being applied. Quantification of NDF procedure capabilities as described
herein, provide tools for establishing an objective basis for assuring a continuing level of
NDE process control and the assumed level of quality of the weld processes being
applied.

0
3-2



NONDESTRUCTIVE EVALUATION (NDE) CAPABILITIES DATA BOOK

3.1.3 USE OF "PRIOR ART"

NDE procedure capabilities have been assumed in most "prior art" and/or were derived
empirically from failures that occurred when NDE margins and boundaries were
established by trial and error. Quantification of NDE procedure capabilities as described
herein, provides an objective, low risk basis for assuring a continuing level of NDE
process discrimination and may reduce the need for a qualification / destructive test
article. Quantification provides a link to general engineering and science based
applications of NDE technology.

3.2 APPLICATIONS TO DAMAGE TOLERANT / SAFE-LIFE IN
ASSURING STRUCTURAL INTEGRITY IN DESIGN AND USE

Advancements in design / analysis practices include requirements for quantification of
NDE capabilities and for specific quantification of acceptance requirements (criteria).
Advanced analyses incorporate material fracture and fatigue properties in service usage
to envelope design parameters and life-cycle requirements into safe-life system design /
management. The obvious economic advantages of moving from more deterministic to
more quantified design / analysis approaches are in shorter development cycles,
efficiencies in quality control, improved design efficiencies (fitness for purpose),
durability in design / use, and improvements in confidence levels for engineering
structures / system performance. The disadvantages of this change are in both changes in
engineering practices and in the availability of data to support the new approaches.

Key factors in damage tolerant / safe-life analyses are the assumption of an initial flaw
size, and that supporting NDE technology can support that assumption. The "assumed"
initial flaw size has been and will continue to be based on both deterministic, heritage
approaches and on data provided by characterized and quantified NDE procedures
analysis. The NDE approach is increasingly the preferred method applied to in-service
"fitness Ior purpose" analyses, lifc-cycle management analyses, and life-extension
analyses. Requirements for analyses using quantified NDE approaches are discussed in
detail in Section 4 of this databook and are the primary basis for quantifying and
documenting NDE capabilities in this data book,

3.3 COMMON NDE CAPABILITIES ASSUMPTIONS AND MYTHS

The evolution of NDE technology was tradition"l1y deterministic and was most often
implemented to address a specific failure mode fbr a process, structure or system. ' he
"last resort/necessary evil" approach 1o NI)I: appiication Ir "lhilure prevention" resulted
in the origination and propagation of many "claims, myths and unsubstantiated
assumptions" of ND)F, capabilities and the capabilities of" specific NDE procedures in
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various applications. Although often painful, maturation of a technology necessarily
involves organization and quantification of the objective knowledge / data available.

Common myths and misunderstandings in NDE applications include the following:

"* "NO FLAWS CRITERIA" - NDlL is not absolute and "flaws" that are below the
detection capabilities threshold may he present after application and

discrimination by an NDE procedure,
"* "ASSUMPTION THAT TIlE NDIE CAPABILITY IS AT THE SMALLEST

FLAW DETECTED" - The significant characteristic output of an NDE process
in not the "Smallest flaw detected" but the "Largest flaw missed";

"* "ASSUMPTION THAT THE DETECTION AND DISCRIMINATION
CAPABILITY OF AN NDE PROCEDURE IS AT THE 'CALIBRATION
LEVEL"' - The discrimination capability of an NDE procedure is rarely at the
"calibration" / reference artifact used in set-up of the NDE procedure, Increase of
the amplifier gain does not change the discrimination level, but may increase the
"noise" response and thereby increase the "false call" level;

"* "CRACKS AND SLOTS ARE EQUAL" - NDE responses from artifacts such
as slots, saw cuts and clectrodischarge machined (EDM) notches are rarely the
same as the responses from cracks of an equivalent size;

"• "ALL, CRACKS ARE CREATED EQUAl," - Cracks of the same size that are
initiated and grown under various conditions may produce wide variation in their
respecto'e NDE responses,

"* "CRACKS ARE EQUALLY DETECTABLE UNDER ALL CONDITIONS
(LABORATORY / FACTORY / FIELD)" - Crack response may vary with
equipment and application conditions. Attention to "calibration, scanning and
personnel qualification" are required to support quantitative field operations.

"• "CRITICAL CRACK SIZE APPLICABLE EVERYWHERE" -

Specification of a critical crack size in general requires intormation of zoning and
expected location of an "assumed crack". The NDE process qualification and
application cost will be adjusted to meet specific requirements. Specification of' a
critical flaw size in one location will not generally be applicable to all l'ocations

and flaw orientations.
"* "ALL NI)E PERSONNEL PERFORM AT TVFI SAME LEVEL" - Personnel

training, qualification, and certification ensure performance at the highest possible
capability for a specific Ni)E procedure. Variations in personnel skill and
dexterity will produce variations in a specific NDE procedure performance level.

3.4 QUANTIFIEI) NDE CAPABILITIES

The complex, multiparamneter characteristics of NI)I procedures present complex
characterization requirements. Rigorous NDIl procedure application requires specific
characterization undcr the applied operating conditions, by the operators who will be
applying the procedure. l'ull characterization is not required if ;tn inspection procedure
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(and/or) operator can 1)e shown to perform at a level that was previously demonstrated for
that procedure. This databook is a compilation of the capabilities of p, ocedures that have
been demonstrated in various applications and application conditions. Users may
demonstrate similarity of procedures and applications as a basis for design, process
and/or personnel performance reference.

NOTE: Information and data presented in this Data Book are intended for
technical reference only. The responsibility for demonstrating specific NDE
capabilities remains with the user.

3.5 SUMMARY

The broad use of NDE in various applications imposes a variety of requirements on NDE
process optimization, process control and capabilities. All NDE process applications do
not require quantification. An adequate NDE procedure capability is assumed and
supported in many "prior art" applications based on "trial and en'or" in providing the
required discrimination. Such procedures arc, however, difficult to extend to new
applications and/or to meet new requirements. Quantification of NDE procedures
capabilities provides a transferable link to new applications and a method of predicting a
capabilities margin without a hardware qualification test.

Quantitative design / analyses tools offer economies in design and life-extension at
increased confidence levels ov,-r "prior art" methiods. Quantitative design requirements
include requirements fbr characterization and quantification of supporting NDE
procedures and tools. The basis for and examples of such quantification are included in
the specific cases analyses in the Appendices of this data book.
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4. REQUIREMENTS FOR QUANTIFICATION OF NDE

4.0 DAMAGE TOLERANT / FAIL SAFE / SAFE LIFE ANALYSES

Advanced materials and structures analysis methods incorporate quantification of fracture
and fatigue life properties based on knowledge of material / component configuration and
condition (integrity). An essential element of both fracture and safe life analyses is the
assumption of the presence of an initial flaw, of a known size at the beginning of the
material / component life. The analysis methods are collectively known and documented
as DAMAGE TOLERANT/ FAIL SAFE analyses [REF 4-1] and SAFE-LIFE analyses
[REF 4-2]. These methodologies were developed and were first applied, on a general
scale, in the design and life-system management of the National Aeronautics and Space
Administration (NASA) Space Shuttle and on the United States Air Force BI Bomber
program. Subsequent designs, life-cycle analyses and life-extension analyses of modern
engineering structures and systems have incorporated variations of these methodologies.

A key element of safe-life analysrs is the assumption of the presence of an initial flaw.
Nondestructive evaluation is the primary tool in both assessing the condition of a safe-life
component and in quantifying the flaw size that must be used in the analyses.
Nondestructive evaluation is increasingly important in life-cycle management of'
engineering materials, components, structures and systems. NDE procedure performancc
based on "best effort" and/or "adequate effort" cannot be expected to support quantified,
safe-lite requirements. Requirements for quantification of NDE performance capabilities
impose changes in design (ngineering practices, disciplines and documentation
(including configuration control) requirements. A "no flaws" criteria is no longer
acceptable for either design analyses or for NDE applications that support the sale-life of
an engineering system.

4.1 "FHIACTURE CRITICAL" REQUIREMENTS

Saf'2-lif e analyses provide tools for evolving and quantifying design parameters
(constraints and adequacy) and in the identification of life-limiting components. 1,ife
limiting components may be designated as "fracture critical" and thereby invoke specific
requirements for production, handling, service life usage, maintenance / inspection,
inspection intervals, and criteia for "retirement flor cause". A "fracture critical"
designation is imposed when fracture or failure of' the part resulting from the occurrence
and/or propagation of a crack may result in a catastrophic event that could result in the
loss of life and/or mission. A "fracture critical" designation maybe be imposed by one
or more of the following:

* BY I)FFINITI(ON - When "prior art" / experience has identified a need for special
consideration in design and service usage (bir example, a pressure vessel);

a RI-I)lJNI)AN('Y / FAII-SAH: - When the component constitutes a single point
failure and safe-life is not within the design margins established by "prior art";

4-1
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SAFE-LIFE - When the safe-life analysis / use of the component is not within
the established design paramicters and margins. The design parameters may
include requirements for detection of cracks of a size that is below the
accepted limit as designated in "NASA!IILAGRO" [REF 2-2] or other
applicable references.

When a component is dcsignatcd as "fracture critical" analysis must be completed to
identify the constraints and requirements for production, acceptance (fitness for service)
and use (life limiting / retirement for cause and maintenance (inspection and test)
requirements). Key elements in fracture centrol and life-cycle management are quality
control in production and use and nondestructive inspection / evaluation in "fitness for
purpose acceptancec".. Nondestructive evaluation / acceptance is critical in identifying and
quantifying the "initial flaw size" that is used as the starting point for "fracture critical /
safc life" analyses and in identifying and quantifying the "detectable flaw size" for
incremental "fitness for purpose" inspections,

4.2 NDE CAPABILITIES QUANTIFICATION AND PROBABILITY OF
I)ETECTION (POI))

Two approaches to the incorporation of NDL requirements into design evolved; (1)
Characterization oF N)F, procedures in the lorn- of a "Probability of' Detection (P01))"
and (2) Deterministic compliance to the requirement by demonstration of capabilities at a
fixed (assumed) flaw size (point estimate of detection capabilities). Both methods have
value in practical applications, but considerable work in NDE procedure characterization
by the I'M0 method was necessary to gain knowledge and data on realistic pertbrmance
capabilities (putting aside past assumptions and myths); and in providing a basis for
confidence in dcmonstrati g compliance in a specific application. The first known report
of NIF. procedure characteriz/ijon by the 1)01) method was in work performed under a
NASA program to support the design / life-cycle analysis for the NASA Space Shuttle
program IRI"I: 4-3!. h'Iis work and subsequent assessments using the same
methodologies provided the basis ior the NASA Space Shuttle design. This work
provided the initial basis for the NDE capabilities data that is incorporated in the
"NASA/Fl,A(iR)" analysis program I RIF 4-21. An example of a typical "probability of'
detection (PO1))" curve is shown in Figure 4-1.

S
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FI(URE 4-1 A Typical Probability of Detection Curve

4.3 "NASA/FLAGRO" INITIAL FLAW SIZES

The "NASA/FLAGRO'" program includes "'NDE Inspection Technique and Respective
Flaw Size Criterion" as defiuult values for various crack cases. The designer has the
option of using the default values for initial assessments or to input more specific values
based on demonstrated ND1) procedures capabilities and supporting data available for the
specific design case. The "NASA/IULA(GRO" initial flaw sizes take into account some
variations in the analysis method, the aspect ratio of the crack and the thickness of the test
object. 'The "NASA/FIAGRO" VFIRSION 2.03, Tables and reference analysis cases axe
reproduced (by permission) herein, for user convenience and continuity in reference.

CAUTION: The user is responsible for reference to
changes and updates in the "NASA/FLAGRO"
program and for use of specific, demonstrated

flaw sizes in specific applications.

For purposes of'orientation, crack deptl, ai, is denoted as the crack depth in the thickness
or diametrical direction. Crack length, c, is denoted as crack length or half-crack length in
the width or peripheral direction, Part thickness is denoted as, t, as shown in Figure 4-2.
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2c

FIGURE 4-2 Cross section view of a part containing a
surface (thumb-nail) crack

In the refierecri case (Figure 4-3 through 4-26) thle following notto s sd

a ..................... Crack depth in thickness or diametrical direction

...................... Edge distance for a hiole
...................... Crack length or hal f-crack length in thle width oi- peripheral direction

1).................... I lole di~ameter
M ................... Resultant moment
P).....................Recsultant f'orce

..................... Component radius
SO, S. I - 2S 3, S4. ... Nominally applied stress
(x ..................... Included anigle
t ....... .h.......Ilickness of plate, shect, extrusion, fiorging
W.................... Specimlen width

Part geometry, crack location, crack orientation and part load directions arc shown for the
standard case analyses available within "NASA/Il',AGRO" (Table 4-I). T[he
corresponding allowable flaw sizes for various "S'FANDAM) NI)E" procedures are
shown in tabular form for various case analyses and part thicknesses (T1able 4-2).
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Table 4-i - Description of Crack Cases IREF 4-21

Through Cracks:

TCo 1: Through crack at center of plate
TC02: Through crack at edge olfplate
TC03: Through crnck from an offset hole in a plate
TC04: Through crack from hole in a lug
TC05: Through crack from hole in plate with a row of holcs

TC06: Through crack in a sphere
TC07: Through crack in a cylinder (longitudinal direction)
TC08: Through crack in a cylinder (circumferential direction)
TC09: 'lhrough crack from hole in a plate under combined loading
TC 10: Tl'hough crack from hole in a cylinder (circumferential direction)

Embedded Cracks::
1C1(01: 7 Eimbedded crack in a Plate

Corner Cracks:
CCOI: Corner crack in a rectangular plate

CC02: Corner crack from hole in a plate
CCC03: Corner crack from hole in a lug

Surface Cracks:
SCO1: Surlece crack in a rectangular plate - tension and/or bending
SC02: Surface crack in a rectangular plate - nonlinear stress
SC03: Surface crack in a spherical pressure vessel
SC04: Longitudinal surt;.cc crack in a hollow cylinder - nonlinear stress
SC05: Tlhumbnail crack in a hollow cylinder
SC(6: Circumferential crack in a hollow cylinder - nonlinear stress
SC07: Thumbnaii crack in a solid cylinder
SC08: Thumbnail crack in a threaded, solid cylinder
S('09: ('ircumn.rtcntial crack at thread root in a cylinder
SC(It (,ircumfcrential crack in a threaded pipe - nonlinear stress
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So S2

S 0

sSo

S1 6M

W t =thickness M

Center of Plate Edge of Plate

Through crack cases I & 2

A z
t t

.4 2c I,- c 0

Cross sectional view

Figures 4-3 (TC01) and 4-4 (TC02)

[REF 4-2, Fig. 9]
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* TC03 TC04

P/Wt

Off+sP/W t Hoe-n-ol-i-aLu
*hruhcakcss3&--W 4

D '3

S= P/ Dt 13D t = thickness

Fu c s-(thickness 4 (Tc )
•S0 ' ,, ~j..,, :D/N < 0.5

•[REF 4-2, Fig. 10]

ThroughCrack from an ThroughCrack from a
Offset Hole in Hole in a Lug

a plate

el Through crack cases 3 & 4

Cross sectional view

Figures 4-5 (TC03) and 4-6 (TC02))
[REF 4-2, Fig. 10]
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TC05 TC06

TENSION LOADING

S AA
C 4ý

D, C.,

Sr S0  2cS H H2-

PIN LOADING cI14 Rt 3

'B t P C. 1, . 1

• H , H -1ID S, P3
t= thickness

ThroughCrack from a 2c
Hole in a Plate with a

Row of Holes ThroughCrack

in a Sphere

Through crack cases 5 & 6
2c

/ s R S
0 0

SC section of sphere AA

R = Mean radius = (D-t)1 2

Cross sectional view

Figures 4-7 (TC05) and 4-8 (TC06))
[REF 4-2, Fig. 11]
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TC07 TC08

I M
J-s 1----I

Sa=PRiT 10t

c -(
t

R'J Mea radius radis12

m2

pThroughCrack in a ThroughCrack In a
IRCylinder Cylinder

2ý (Longitudinal Direction)\, (Circumferential Direction)

Through crack cases 7 & 8

A,2a x

AA

Cross sectional view

Figures 4-9 (TOO 7) and 4-10 (TCO8))
[REF 4-2, Fig. 12]
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TC09 TC10

S2
BSA MI ~ 

-P"•"

D So S1 3 
--,

M 
2P 

B-$2~1 
V •, R-D -

So=P D 02rRtD-

S2 iS.PS/ID t c=xR, R=2

- S 6 M / W t2  0 < a <p2 2
1,2, or 4 holes

Through Crack from a Through Crack from a
Hole in a Plate Hole in a Cylinder

Under Combined Loading (Circumferential Direstion)

Through crack cases 9 & 10
Ad ,

A

Mom"
Cross sectional view A -A

Figures 4-11 (TC09) and 4-12 (TC01 0))
[REF 4-2, Fig. 13]
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* EC01

So
A

2c/W < 0.5
, ... ..

"-. ! /Embedded Crack
. "" •in a Plate

4 -.

SO

Embedded crack case 1

S2c

W
Cross sectional view

Figure 4-1 3 (EC01)
S~[REF 4-2, Fig. 14]
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so S

tw

ac

a ~ 2

Corner Crack in

aRectangular Plate

Corner crack case 1

C I

Cross sectional view

Figure 4-14 (CCOI)
[IREF 4-2, Fig. 15]
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C CC02 CC03

S+P

Ll T I_T wtMH

B S 6M ~ P i
O1 Wt 2  W

SC = P/Dt

SM S3 =P/Dt p
so

: Hc I

Corner Crack From Corner Crack From
a Hole in a Plate a Hole in a Lug

Corner crack cases 2 & 3

t j.
~D

Cross sectional view

Figures 4-15 (CC02) & 4-16 (CC03)
* •[REF 4-2, Fig. 16]
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S0 SjX) i 0, 1,2, 3

- ~ wt /,w

Surface Crack Surface Crack
in a Rectrangular Plate - In a Rectrangular Plate -

Tension and for Bending Nonlinear Stress

Surface crack cases 1 & 2

42c~

Cross I setoalve

[RE 4-,Fiq7
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S SCO03 S CO04
internal or external crack.

internal or external crack S 0 (X) Stresses due to
so internal pressure, p

M __ R Sý (XM Other stresses
(sphere)

C D P4

\ 0

1 M 0 p (internal pressure)

Surface Crack in Longitudinal Surface Crack In
a Spherical Pressure Vessel a Hollow Cylinder -

Nonlinear Stress

Surface crack cases 3 & 4
X = Xt
(from inner wall)

t 2

Cross sectional view

Figures 4-19 (SCO3) & 4-20 (SCO4)
[REF 4-2, Fig. 18]
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SCO5 SC06
internal or external crack internal or external crack

S
SWX S(X

l I

2 
a

0 SMS

S• (from Inner wall)
Thumbnail Crack Cir-cumferential Crack

in a Hollow Cylinder in a Hollow Cylinder ---Nonlinear Stress

Surface cakcases 5 &
arc

* S4

e--D •2.2 <D /t 2000

0.05 > a/c > 1.2 .
DTubi4 t Cross sectional view C

Figures 4-21 (SC04) & 4-22 (S6 06)
aws.a

[REF 4-2, Fig. 19]
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S SC07 SC08

S, So so

Thumbnail Crack in
a Solid Cylinder C .- 1 (2r)a

So & S1 based on 2r

S 2r = minor diameter

Sl, Circumferential Crack in
a Hollow Cylinder -

Nonlinear Stress

* Surface crack cases 7 & 8
S12c

~a2
2c 2

a a< 1.2r

DS1 4M

a < 0.6 D nr
Cross sectional view

Figures 4-23 [SC07) & 4-24 (SCO08)
[REF 4-2, Fig. 20]
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SC09 SCl10-
So €•f-C,., tfit• s o

32M
I 3

- M ,- , SO

s0
Circumferential Crack at Circumferential Crack in

Thread Root In a a Threaded Pipe -
Cylinder Nonlinear Stress

Surface crack cases 9 & 10
4,+ External + Internal

Cross sectional view
D = Major diameter D = Major diameter
d = Thread denth d = Thread depth
a d + crack depth a = d + crack depth

Figures 4-25 (SC09) & 4-26 (SC10)
[REF 4-2, Fig. 21]
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Table 4-2 - Standard NDE Flaw Sizes for STS Payloads

US Customary Units IREF 4-21

NDE Inspection Size (in)
Technique or Flaw crack

Size Thickness Range **Crack length,
Crack Case Criterion (in.) depth, a c
TCO1,TCO6,TCO7,TCO8,TCI0 EC ( < 0.050 --- 0.050)
(open surface) P t < 0.050 --- 0.100

P 0.050 < t < 0.075 --- 0.15-t
MP t < 0.075 0.125

TC02 (edgc) EC t < 0.075 --- 0.100
P t < 0.100 --- 0.100

MP t < 0.075 --- 0.250

TC03, TC04, TC05, TC09 EC t o.o75 --- 0.100
(hole) P t < 0.100 --- 0.100

MP t < 0.075 0.250
PIPD - driven rivet any thickness --- 0.005

HPD - other holes I < 0.050 --- 0.050

ECOI R 0.025 < I < 0,107 t 0.35t 0.075
R > 0. 107 0.351 0.7t
U i < 0.300 0.065 (0065

CC0"I (cdgc) EC I > 0.075 0.075 0.075
P t > 0.100 0.100 0,100

MP t > 0.075 0.075 0.075
U t > 0.1(X) 0.100 0.100

CC02, CC03 (hole) EC t > 0.075 0.075 0.075
P t > 0.100 0.100 0.100

MP t > 0.075 0.075 0.075
U t > 0,100 0,100 0.100

HPD - not drivein ri\'-t t > 0.050 0.050 0.050

SC01, SC02, SC03 EC t > 0.050 0.020 0.100*
(open surface) 0.050 0,050**

P t > 0,075 0.025 0.125*
0.075 0.075**

MP i > 0.075 0.038 0. 188*
0.075 0.125*

R 0.025 < i < 0.107 t 0.71 0,075
> 0,107 0.71 0.71

U t > 0. 100 0.030 0.150*
0.06 0,005**

SC04. SC(05 EC (ext & int) t > 0.050 0.020 0.100*
0.05(10 0.050"*

P (cxl) t > 0.075 0.025 0.125*
0.075 0,075**

MlP(act) t -> 0.075 0,038 0.188*
0.075 0, 125**

R (ext & int) 0.025 < I <_ 0.107 t 0.7t 0.075
> 0.107 0.7t 0.71

U(cxt & int) I > 0, 100 0 030 0. 150*
0.065 0,065**
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Table 4-2 - Standard NDE Flaw Sizes for STS Payloads
(Concluded)

US Customary Units IREF 4-21

NDE Inspection Size (in)
Technique or Flaw crack

Size Thickness Range **Crack length,
Crack Case Criterion (in.) depth, a C
SC06 EC (ext & int) I > 0,050 0.020 ---

P (ext) t > 0.075 0.025 ---
MP(act) t > 0.075 0.038 ---

R (ext & int) 0.025 < t < 0.107 0.7t ---
U(ext & int) t > 0.100 0,030 ...

SC07 EC --- Eql8,19 0.050
P Eql,19 0.075

NIP El8,19 0.125
SCO8 (rolled threads) P .... EQ18,19 0,075
SCO9, SCI0 (nachined threads) max machining --- thd depth ---

defect size 4 0.127

Notes:
EC = eddy current ..................... (ET) R - X-radiographic... (RT) MPI magnetic particle ......... (MT)
P = dye / fluorescent pcnctrant..(PT) U - ultrasonic ........... (UT) t1DL1) hole penetration defect (max)

minimum crack depth * maximum crack depth I 1 in. = 25.4 min

4-20



NONDESTRUCTIVE EVALUATION (NDE) CAPABILITIES DATA BOOK

Table 4-2 - Standard NDE Flaw Sizes for STS Payloads

SI Units IREF 4-2]1
NDE Inspection Size (mm)

Technique or Flaw crack
Size **Crack length,

Crack Case Criterion Thickness Range (mm) deptl, a c
TCO1,TCO6,TC07,TC08,TC10 EC t < 1.270 --- 1.270
(open surface) P t < 1.270 --- 2.540

P 1.270 < t < 1.905 --- 0.15-t
MP t < 1.905 3.175

TC02 (edge) EC t < 1.905 --- 2.540
P t < 2.540 --- 2.540

MP t < 1.905 --- 6.350
TC03, TC04, TC05, TC09 EC t < 1.905 --- 2.540

(hole) P t < 2.540 --- 2.540
MP t < 1.905 --- 6.350

HPD - driven rivet any thickness --- 0.127
HPD - other holes t < 1 970 --- 1.270

ECO 1 R 0.635< t < 2.781 0.35t 1,905
R t > 2.781 0.351 0.71
U t > 7.620 0.0651 1.651

CCOI (edge) EC t > 1.905 1.905 1.905
P t > 2.540 2.540 2.540

MP t > 1.905 1.905 1.905
U t > 2.540 2.540 2.540

CC'2, CC03 (hole) EC t > 1.905 1.905 1.905
P t > 2.540 2.540 2.540

MP t > 1.905 1.905 1.905
U t > 2.540 2,540 2,540

HPD - not driven rivet t > 1.270

SCOI, SC02, SCO3 EC t > 1.270 0.508 2.540*
(open surface) 1.270 i.270**

P t > 1.905 0.635 3.175*
1.905 1.905**

MP t > 1.905 0.965 4.755*
1,905 .175"*

R 0.635 < t < 2.781 0.71 1.905
t > 2.781 0.71 0.71

U t > 2540 0.762 1.270*

0,06 1.651**
SC04, SCO5 EC (ext. & int) t > 1.270 0.508 2.540*

1.270 1.270**
P (ext) t > 1.905 0.635 3.175*

1.905 1,905"*
MP(act) I > 1.905 0,965 4.755*

1.905 3.175**
R(Cxl & 1l) (0.635< t < 2.781 0.71 1.905

t > 2.781 0.71 (0.71
U(cxt & ill) i > 254) 0762 1.270*W 1.651 1.651**
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Table 2 - Standard NDE Flaw Sizes for STS Payloads
SI Units (Concluded) [REF 21

NDE Inspection Size (ram)
Technique or Flaw crack

Size *"Crack length,
Crack Case Criterion Thickness Range (mm) depth, a c
SCO6 EC (cxt & int) t > 1.270 0508 0.635 ---

P (ext) t > 1.905 0.965 ---
MP(act) t > 1.905 0.7t ---

R (cxt & int) 0,635< t < 2,781 0.762 ---

U(cxt & int) t > 2540 --.
SC07 EC --- EqlS,19 1.270

P --- Eql8,19 1.905
MP --- Eq18,19 3.175

SCO8 (rollcd threads) P _ _ _"_--- Eq 18,19 1.905
"SCO9, SC1O (machined threads) max machining thd depth ---

defect size + 0.127

Notes:
EC = eddy current ..................... (ET) R = X-radiographic .. (RT) MP = magnetic particle ............ (MT)
P = dye / fluorescent penctrnni,.(PT) U = ultrasonic ........... (UT) HPI) = hole penetration dcfect (max)
* minimum crack depth * maximtum crack depth *** I in. 25.4 mmi
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* 4.4 SUMMARY

Initial flaw / crack size "generic" values for NDE capabilities in design have been derived
from "prior art" and have been incorporated into modern design / analysis tools. The initial
flaw / crack size "generic" valh.cs are periodically updated and expanded to reflect
advances in NDE technology. Design values are included in this data book for the
convenience of the user (Courtesy of NASA - JSC). Validation of NDE capabilities in
specific applications are the responsibility of the user for both "generic" and "special
NDE" procedures and applications.

REFERENCES:

1. Shin, D.A, J.P. Gallagher, A.P. Berens, P.D. Iluber and J. Smith, Damage Tolerant
Design Handbook, WL-TR-.94-4053, Wright Laboratory, Wright Patterson, AFB, OH-,
May 1994.

2. Fatigue Crack Growth Computer Pro Krana "NASA/FLAGRO", Version 2 03,
National Aeronautics and Space Adminstration, JSC-22267A.

3. Rummel, Ward D., Paul H. Todd Jr., Sandor A. Frecska, and ,ichard A. ,athke, The
Dj~ ion of Fatigue Cracks by Nondestructive Testing Methods, NASA CR-2369
February 1974.

4-23

A--: • L • = -: " .. '- " " "A •• •:• • r l•-'i"r' 'ir ,"•"' r •- • • .• • •



NONDESTRUCTIVE EVALUATION (NDE) CAPABILITIES DATA BOOK

5. NDE CAPABILITIES DATA FORM AND PRESENTATION

5.0 GENERAL

The usual forms of reporting nondestructive evaluation (NDE) data are "Hit / Miss" (Pass
/ Fail) or a recorded signal response. "ltit / Miss" reporting is the resolution of NDE
procedure application and interpretation / discrimination in accordance with established
acceptance criteria. Only the decision result is recorded and, in many cases, no additional
record of the inspection performance levels are preserved. Signal response level recording
enables post process interpretation and discrimination aid provides an opportunity for
review by multiple technologists and for discrimination using varying levels of
acceptance criteria. Discrete signal response data are easily obtained for some NDE
processes while others are more difficult to record due to the nature and/or multiple
processing steps involved in completing the process. Automated N)E' processes are more
amenable to process parameter recording, recording of process results in the fornm of an
image or data stream, and in recording the accept / reject decision using the programmed
discrimination parameters,

The objective of quantifying NDF capabilities is to relate the output of the NDE process I
procedure to a desired (or undcsired) characteristic of the test object. A multitude of
inspections arc perlormed to "detect cracks" as a characteristic of primary importance in
structural integrity analyses. Although other characteristics are measured and assessed,
crack detection is the primary focus of data presented herein. Quantification of detection
as a ffunction of crack size is the output of most NDEI capabilities characterization. Such
quantification answers a basic question "I low large a crack might be inissed?" ("I low
small a crack can be detected?"). The second part of' thc query is "i low confident are we
in the answer provided?"

UInfortunately, all cracks are not created equal and cracks of' equal size can provide
widely varying responses with some N I)l' procedures. The detection capability measured
is thus specific to a given crack type (fatigue, stress corrosion, tear, etc.). It is thus
necessary to select / produce cracks that arc representative of the type to be detected in
the applied Nl)I' procedure. Artificially induced lhtigue cracks are frequently used in
NDI1 capabilities assessments because: they are relatively easy to produce and reproduce;
they are frequently the type of crack that must be detected by service life inspections; and
necause they arc one of the miost dilficult crack types to detect.

If the length of' a rod is repetitively measured with a precision instrument and the results
recorded, a range of' values will be obtained that reflect variability in the measurement
process. In like manncir, riepetitive NI)l measurements on a single crack will produce a
range of values that ire characteristic to the measurement process. If the basis fbr NI)E
acceptance (threshold) is set '1 a level that is within the range of measuriement variance
fior an N1I) procedure, a variation Ol output (accept / reJect) will result and useful
discrimiiation will not be provided.
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The NDE capabilities value reported must thus be tempered by the type of crack (test

artifact) used in the test; by the NDE procedure used, and by the discrimination level
used as the basis for accept / reject ("Ilit / Miss"). Confidence in the value obtained will

be characterized by the number of cracks (and crack size distribution) used to obtain the
result.

5.1 COLLECTION AND PRESENTATION OF NDE CAPABILITIES DATA

The established and accepted metric for characterizing the capability of an 14DE

procedure is a probability of detection (POD) curve. A POD curve is produced by:

0 Applying a specific NDE procedure to a large number of cracks (artifacts) of

varying size that represent the artifact to be detected in a production
application;

* Correlating and recording the results of inspection with each crack size;
* Analyzing the data by fitting the results to a model that is representative of the

type of data produced; and
* Plotting the results in the tbrm of probability ot detection as a function of flaw

size.

The analysis, model and plotting procedure differ with type of data produced ("Ilit /

Miss" or signal response level). A typical POD curve is shown in Figure 5-1.

10011| --- ________________ "_________I________

70 .I I L

40

A' -,l1l00ý. (A r., Proot)
I"IF P Irsi ]Insp..U

d0 E 0ddy C -t CO-1SO. Pro.

0 lOpolIunilh.Sl II11

40 .
1Dotootod .

.0% POD -U.107

F '6 ... 0 ,.,, .

-F - - LOWER CONFIDENCi

10 ýIITIMIO.0 DATA.

U(000 0.050 0.100 0 110 0 '00 0 205 0.300 0.380 0.400 0.460 0 500 0.550 0 .|00 0.4o0 010 0.700

iUI(;UER, 5-1 A Typical Probability of Detection Curve
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A lower 95% confidence bound may be added to reflect the calculated confidence based
on the crack sample size, distribution and results obtained. The actual crack size
individual detection result is plotted as an "X"; at 100% if detected and at 0% if missed
("Hit / Miss data only). Identification of other features of the data set may be added to
uniquely describe and identify tho plot.

The single valued parameter that is used to charatcrize the procedure is that crack size at
which the POD reaches the 90% level. The single valued parameter that is often quoted in
validation requirements is that crack size at which the lower 95% confidence line reaches
the 90% level (90/95 value),

5- 3 17 Ox
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6. DESIGN OF THE EXPERIMENT FOR NDE CAPABILITIES
ASSESSMENT

6.0 OVERVIEW

The "design of the experiment" to characterize the capabilities of an NDE procedure is
important to producing "well behaved" data and to provide confidence in the results
obtained. Critical factors in design of the experiment arc:

0 Selection / production of cracks that are representative of the NDE application and
test object;

* Avoid "resampling" of the same crack since an important element of the
characterization is the crack to crack variation.

* Producing a crack size distribution such that the majority of cracks are at a size near
the threshold value (90% detection threshold); (Note: The expected threshold value
may not be the actual value produced and "ill behaved" data may be produced if the
measured threshold value differs significantly from that anticipated). This data book
is expected to be of significant aid in selecting an appropriate crack size distribution
for user characterization of similar NDE procedures;

Establishing controlled NDE procedures that will be used in damage tolerance
inspections; (Attention should be given to assuring that the NDE parameters are
controlled to - vide the maximum possible reproducibility and repeatability of
results obtained by application of the NDE procedure. The POD method of NDE
procedure characterization has been of significant value in increased understanding of
NDE processes and significant control parameters);

• Data collection under all variations of conditions expected in application of the NDE
procedure;

* Disciplined and accurate data collection to relate detection to the test object artifact
being assessed;

• Data analysis that is consistent with "prior art and knowledge"; and
• Data documentation and presentation in sufficient detail to enable and anticipate

duplication of results, if the experiment were repeated.

The POD result / metric provided is specific to the test object, test artifact and NDE
procedure used and reflects crack-to-crack variations in the test set, NDE procedure
variations in application, and acceptance level / discrimination variations used in
interpretation of the NDE process output. POD characterization has evolved as a useful
NDEF engineering tool fbr NDE procedure design and development; for comparison of
various NDE procedures; for validation of specific NDE procedures; and for personnel
skill qualification,

For more detailed information on design of experiment and methodology for
characterizing NDE procedures by the POD method, sec REFERENCE 6-1. For a
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historical review of documents describing development and refinement of POD
characterization, see REFERENCES 6-2 thru 6-4.

6.1 TRADE-OFFS BETWEEN IDEAL AND PRACTICAL NDE PROCEDURE
DEMONSTRATION AND VALIDATION

Although POD characterization is a recognized method of NDE procedure
characterization and validation, variations and alternates to the POD method may satisfy
the specific needs / requirements of the user. Three variations on NDE procedure
validation are discussed in the following sections. The user must select the method that
best suits the application.

6.2 MODELING POD RESPONSE, "• (a-hat)" VERSUS "a" DATA

The fidelity of, and options for use of, POD data are increased by quantification and
documentation of process parameters and signal response levels used in the detection and
discrimination processes. If signal amplitudes are quantified and used as the basis for
acceptance / discrimination, post analysis and processing at different threshold
discrimination levels may be used to optimize NDE procedure performance.
Methodology has been developed and documented for use of the measured response

"versus aclual crack size "a" by fitting the data to a POD model. For a detailed
discussion of this method of POD modeling, see REFERENCE 6-1. Software for this
method of analysis is available through the United States Air Force. 0
For NDE procedures that produce a precision output, this analysis method enables NDE
procedure characterization with fewer observations / data points than is possible using
"hit / miss" data. This method also provides a means of linking data obtained on various
crack artifacts to actual crack response and thus has significant value in predicting NDE
capabilities for defects that cannot be readily produced. In like manner, linking NDE
procedure capabilities to quantified signal response levels provides a means of predicting
POD capabilities based on model based prediction of response levels for a given NDE
procedure.

6.3 "ACCEPT / REJECT" ("HIlT / MISS") D)ATA

Many NDE procedures depend on process control and pattern recognition and
discrimination by a htman operator to produce an accept / reject ("hit / miss") output.
The output is binomial in niturc and a point estimate of detection capability at a single
crack size (POD (a)) may be obtained for large sample sizes. The point estimate of
detection does not provide information on NDE procedure or discrimination level
variance and is thus applicable to only one point on the POD curve. A lognormal
formulation of a POlD (a) model was a natural consequence of observed behavior of NDE
data and fitting of data to a lognormal model may he completed by the use of a maximlUm
likelihood procedure to estimate the parameters of' the model, given the actual data
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observed. This method of analysis was introduced by Ilcrens and I lovey in 1981 [RIL;F 6-
5 and 6-6], and is the basis for most variations that have been introduced since then. The
probability of dctection (POl) (a) ) is expressed as:

POD(a) = F(cx + ji(log (a)),

where ox and ji arc parameters to be fit to the data and F is an increasing function of a.

The cumulative lognormal distribution function is approximated by the log - odds model
and the data may be described by:

exp lit + APln(a)]
POD(a) -

exp Ib( + 1" ln(a)]

where a - crack length.

The maximum likelihood is used to estimate the (x and [1 parameters of the model.

The maximum likelihood / log odds inethod of analysis was used for all "[lit / Miss"
data presented in this data book.

6.4 THlE POINT ESTIMATE (29/29) METIIOI) OF NDE PROCEDURE
D)EMONSTRATION / VAtl l)ATION

If the capability is known, a subset of the full POD process may be used to provide a
measure of' confidence in the output of an N)IF procedure. The binomial nature of"I lit /
Miss" data suggests that data obtained f'orn cracks of' a single size may he used to
provide confidence that such cracks will be detected by application of' the procedure.
From sampling theory, 29 successes out of 29 trials provides a 90% confidence that the
same result would be obtained if the experiment / measurement were reported an infinite
number of times (Note; 'This procedure does not presume that the result obtained is
absolute, but establishes a measured confidence (prediction) that the procedure will
provide the required detection and discrimination IRiE' 6-71. The point estimate method
is particularly useful in skill qualification of personnel, when the general capabilities of
the NID) procedure are known. This method is used in both procedure qualification and
pci'sonncl (lualifieatiol as a par't of the NASA Space Shuttle pl-ograill I RI 6-81, Care is
taken to assure that the test artif'acts (cracks) arc representati\ e of the population to be
assessed and that NI )l- procedurc application is consistent with the test conditions used in
qualification.

''lie poinit estimate proceiure is the least inornmation rich of those in common use. '[he
point estiniate tcst provides ln) iiflormation on the margin thai is inherent to the NID)'
proceCduLrC aild care m11uSt1 be taken ito assure that the point estimate qualification is ahove
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the threshold limit for the procedure. If the point estimate test is failed, no infonnation is
provided for use in process improvement for process acceptability. Processes that arc
known to be near the limit of detection / discrimination, and detection requirements that
exceed "prior art", arc not candidates for qualification by this method,

6.5 PO1) MOI)ELS AND ANALYSIS VARIATIONS

The economics of NII, procedure characterization by the POI') method and "ill behaved"
results for some data provide a continuing challenge fbr development of better methods
of' analysis and modeling. "Misses" at large crack sizes and filse calls (detection call
when no flaw is present) are particularly troublesome and have been addressed by various
workers. Analysis and presentation of data in this document have been analyzed by both
variations of the "maximum likelihood / log odds" method in their original presentation
form. Results presented herein have all been produced by the same "maximum likelihood
/ log odds" method.

The user is referrcd to RIRI;IINCES 6-9 through 6-13 for exploration of alternate
analysis methods. A common baseline method is, however, recomlmended for comparison
or respective results.

REFFI RNC(,S:

1 AGARI)-LS-1990, A Recommendcd Methodolkgy for Quantilyinu NDE./3LNDI Based
So Aircrail Emvngine Extrici, A(iARI) Ll&I'ICTUJ, SIFRIIS, April 1993.

2 Rummel, Ward D)., Paul II. Todd Jr., Sandor A. Irecska, and Richard A.Rathke,
Detection 1' Fatigue Wthodi, NASA CR -2369
February 1974.

3 Rummel, Ward 1)., Recommended Practice ftr Demonstration of Nondestructive
.v'Afio(NIL-j leliabilityonA_ irc'at Productioln l.r1t, Materials Evaluation, Vol.

40, No. 9, August 1982, pp 922-932. (Note: Now considered to be ob.kolete)
4 Quantitativy Nondestructive __aluation, Metals Hlandbook, ,Vol. 17, ASM

International, September 1989, pp. 662-715.
5 Berens, A.P. and 1). W. llovey, Evaluation of N.DE Reliability Charntrizilgu,

AI'WAI 'lR-81-416(), December 1981.
6 Berens, A.JP. and P. W. llovey, "LLw 1Žhl tstion Reliability Criteria -Volume I

Methodssand 1R t.U, AI'WAI-l-TR-83-4089, April 1984.
7 NASA (MSI"(') - STI) - 1249. ,t tijtnardTL2Cielines and- e ents for

Lrusun>ontrol !r" iagunm

8 lDavis, M. K., and IPedro Aguilar,, ticicncy WvNVlAT,1imL._
tgU ltrasnizt;_Mtho y, levk,/iw r -trcss in Quaitaiv• N ructive

IFvaluation. T'hompson, I),(). and (himenti, ID).1',. eds, pp. 1777-1789, Plenum Press,
1988.
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9 1 lyatt, R.W., Kechcr, G.1K., and Menton, R.G., Probability of Detection Estimation
f Data Setsl With02 i. Materials Evaluation, November 1991, pp 1402-
1408.

10 Spenccr, Floyd and 1)onald Schurnnan, Reliability AtsXsssnn at Airline Inspection
Facilities, Volume 111: Results of an Eddy Currcnt Inspcction iu~hbi ityExperiment,
DOT/FAA/CT-92/12,I1l, May 1995.

11 Fahr, A., 1). Forsyth, M. Bullock and W. Wallace, NDI Techniques tbr-.)aunidg.
Toleranec-Based Life Prediction of' Acro-Einine Turbine DjL&, institute fbr
Aerospace Research, National Research Council Canada, 1I R-S'T-1961, February
1994.

12 1lahr, A., 1), lorsyth and M. Bullock, A Comparison of Probability of Detction
(POD) Dlata Determined Using Different Statistical Methods. Institute for Aerospace
Research, National Research Council Canada, ITR-S'- 1947, 1)ecembcr 1983.

13 Falr, A., 1). Forsyth and M. Bullock, Statistical Functions and Computtional
jro"-durc M'6 tle I)Ol Analysis of Ilit/Miss Data. IT.R-S'l'-1964, Institute fbr
Aerospace Rcscarch, National Research Council Canada, March 1994.
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7. NDE PROCESS PRINCIPLES AND PRACTICES

7.0 GENERAL

Nondestructive evaluation (NDE) technology denotes application of a diverse array of

nondestructive processes to monitor / measure direct material response. The measured
response is related to a desired material property or test object attribute by

"interpretation." NDE methods that are generally recognized as elements of "mainstream
/ classical" NI)E technology arc:

* Visual inspection;
• liquid penetrant inspection;
e Magnetic particle inspection;
0 Radiographic inspection (X-ray and gamma ray)

E 'lectromagnetic inspection;
* tJltrasonic inspection; and

S 'Tlhcrmographic inspection.

Although each method is dependent on diftfrent "first principles" in both application and

output, repeatable and reproducible NI)F results depend on specific understanding and

control of' the:

* lEvaluation materials;
• Evaluation equipment;
* Evaluation procedure;
* ,T'he environnicnt in which the procedure is completed;

* Calibration / baseline reference artifact and procedure

• Applied acceptance criteria; and
* I I uman factors

It is important to note that "Iltuman Factors" arc listed last; if materials, equipment and

process parameters arc not controlled, the hunman operator has little chance of providing a
consistent level of discrimination. Conversely, knowledgeable and skilled humnan

operators arc essential to tHie discriminiation. No NDL' process or procedure produces

absolute discrimination of "all anomalies" but the end output of a procedure may be
quantitiod and the discrimination (anomaly / flaw detection) capability may be measured,
analyzed, Ljuantitied and documented. The use of the probability of detection (PO()))
method of NI )DF procedure characterization has resulted in new understanding of" the NDE

processes and icbtors that would improve the process capability, reproducibility and

repeatability.

0
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7.1 NDE PROCESS AND PROCESS VARIANCE

The diverse nature of different NDE processes results in different sources of variance and
resultant impact on detection output capabilities. For examplc, a manually applied liquid
penetrant process is dominated by the skill of' the operator in process application and
interpretation. An automated eddy current process is dominated by calibration, instrument
and procedure variances. It is important to recogni.e the source of variance in each NDE
process and to take the nature of the variance and process control into account in applying
margins to the NDE processes. Table 7-1 shows typical dominant sources of variance for
the fbllowing NDI' processes:

0 Liquid penetrant inspection;
* Magnetic particle inspection;
* Radiographic inspection (X-ray and gamma ray);
0 lElcctromagnetic inspection;
0 Ultrasonic inspection; and
0 Therniographic inspection.

Table 7-1 DOMINANT SOUIRCES OF VARIANCE IN NI)FE PROCEI)DIRE
APPLICATION (a __ti ..... ____

Materials lquipment Procedure Calibration Criteria Human
Factors

Liquid X X X
Penetrant
Magnetic X X X X
Particle
X-ray X X X X
Manual X X X X X
I :,ddy
Current

Automatic X X X X
lEddy

Current
Manual X X X X X
IlItrasonic
Automatic X X X X
I J Itrasonic
Manual X X X X
Therno -
Automatic X X X X
Thermo
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NDI, methods and procedures are selected using a variety of practical implementation
criteria. The lowest cost method that produces the required result is usually the method oft
choice, Part of the cost consideration must be the cost of qualifying / validating the
capabilities of' the method and tie cost of maintaining such qualification. The data
included herein are intended to be an aid to method / procedure selection and
implenmentation.

7.2 LIQUID PENETIRANT INSPECTION

The liquid penetrant N I') method is applied to detection of anomalies that have a
capillary opening to the test object stirfacc. (coneral process steps include:

1. Test object cleaning to remove both surihcc and materials in the capillary opening;
2. Application of a penetrant fluid MId allowing a "dwell" time for penetration into the

capillary opening;
3. Removal of surface penetrant fluid without removing fluid from the capillary;
4. Application ot'a "developer" to draw penetrant fluid from the capillary to the test

obAject surface (the "developer" provides a visible contrast to the penetrant fluid
material);

5. Visually inspecting the test object to detect, classify and interpret the presence, type
and size (magnitude) of the penctrant indication. (NOTE:: Some automated detection
systems are in uLSc and must be characterized as special NI)E processes).

The nature of this NI)I] method demands attention to material type, surtfce condition and
riiior oF cleaning. It is obvious that processes that modify surface condition must be
applied a.ftvm penetrant processing has been conpleted. Such processes include,
conversion coatings, anodizing, plating, painting, shot peening, etc. In like manner,
mechar'ical processes that "'i'mcar" the surfhce and close capillary openings must be
f'ollowed with "etch" and neutralization steps bkfia_ penetrant processing. Although there
is disagreement oin the requirement fbr etching after machining processcs for "hard
materials", experimental data indicate that all mechanical removal processes result in a
decrease in penetrant detection capabilities.

liquid penetrant inspection can be performed with little capital expenditure; materials
used arc low in cost per use, is applicable to complex shapes; and is widely used for
general product assurance,. The capability of' this method is highly material, procedure
and operator skill / experience dependent. No permanent record of inspection is provided
bhy tile process.
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COST OF INSPECTION LOW
OPERATOR SKILL REQUIREMENTS HIGH
PROCESS CONTROL REQUIREMENTS HIGH
PROCESS VARIANCE / MARGIN REEQUIREMENTS HIGH

* NOTE: In commercial practice, liquid penetrant inspection may be denoted by the

"Trade Name" of the materials used in the process. For example, "Zyglo" is a trade name
for a group of fluorescent penetrant materials marketed by the "Magnaflux Corporation"
and does not adequately describe the process to be applied.

7.3 MAGNETIC PARTICLE INSPECTION

Magnetic particle inspection is applied to the detection of surface connected or near
surface anomalies in test objects that are made from materials that sustain a magnetic
field. General process steps include:

I. Test object cleaning to remove surface contaminants;
2. Inducing a magnetic field in the object;
3. Applying a fluid or powder containing finely divided particlc:; that are attracted by the

presence of a discontinuity in a magnetic field;
4. Visually inspecting the test object to detect, classify and interpret the presence, type

and size (magnitude) of indication (accumulation of magnetic particles along a
discontinuity in a magnetic field).

Special equipment is required to induce the required magnetic field(s). Procedure
development and process control are required to use the proper voltage, amperage, mode
of induction, etc. Test object materials must be capable of sustaining an induced magnetic
field during the period of inspection. Concentration and mode of' application of the
magnetic particles must be controlled. Material characteristics or surface treatments
which result in variable magnetic properties will decrease detection capabilities.

Magnetic particle inspection can be perflormed with little capital expenditure; materials
used are low ii, cost per use; is applicable to complex shapes; and is widely used for
general product assurance. i'hc capability of this method is highly material, test
equipment, procedure and operator skill / experience dependent. No permanent record of
inspection is provided by the inspection process.

7-4
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COST OF INSPECTION LOW
COST OF EQUIPMENT MOI)ERA'I'E

OPERATOR SKILL REQUIREMENTS HIGH
PROCESS CONTROL REQUIREMENTS HIGH
PROCESS VARIANCE / MARGIN REQUIREMENTS HIGH

* NOTE: In commercial practice, magnetic particle inspection may be denoted by the

"Trade Name" of the materials used in the process. For exanple, "Magnaflux" is a trade
name for a group of inspection equipment and materials marketed by the "Magnaflux
Corporation" and does not adequately describe the process to be applied.

7.4 X-RADIOGRAPHIC INSPECTION

X-iadiographic (X-ray) inspection is applied to the detection of surface connected and
internal anomalies in test objects and to assess the internal configuration of test objects.
General process steps include:

1. Locating a sheet of X-ray sensitive film on one side of the test object;
2. Locating an X-ray source (X-ray tube) on the opposite side of the test object;
3. Activating the X-ray source to "expose the filn" in a through transmission mode;

* 4. Developing the film;
5. Visually inspecting the resultant film image to detect, classify and interpret the

presence, type and size (magnitude) of included indications.

Special equipment, special exposure facilities and special safety precautions (including
licenses) are required to perftrm the inspection. P'rocedure development and process
control are required to ascertain the proper voltage, amperage, exposure time, film type,
etc. l)ctection of crack-like anomalies is highly dependent on the exposure geometry and
on the orientation of(the crack with respect to the incident radiation.

X-radiographic inspection requires considerable capital expenditure; materials used are
modcratc in cost per use; is applicable to complex shapes; and is widely used for general
product assurance. The capability of this method is highly material, test equipment,
procedure and operator skill / experience dependent. A permanent record of inspection is
provided in the f'orm of a film image.

COST OF INSPI CTION M()I)IRA'11
COST OF I`QItJIPMIF'N' HtIGH_1
OPERATOR SKILL REQUIRFIMFI\NTS I IIGI I

IPROC1'SS CONTROL Rl(I-QUIRL`MI1NT'S - 1116I 1
PIROCFSS VARIANCE / MAR(GIN REIJIREIMEINTS I ii(il I
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* NOTM: X- radiographic inspection and gamma radiographic inspection using a

radioactive source involve essentially the same set-up and exposure procedures, but differ
significantly in inspection capabilit.. Both methods require extensive procedures For
assuring the satfety of human operators.

7.5 EI)i)Y C(HRENT INSPIECTI'ION

Eddy current methods ol' inspection are applied to measure a variety of material
characteristics and conditions. They are applied in the flaw detection mode for the

detection of surfiacc connected or near surface anomalies in test objects. Test objects must
be electrically conductive and be capable of' uniform contact by an eddy current probe.
General process step:, include:

I. The eddy current probe is placed in contact with the test object;
2. Aln alternating magnetic field is induced in the probe by an alternating current in the

probe coil;
3. 1",ddy current flow is induced in the test object;
4. The magnitude and phase of' the induced curr'ent flow is sensed by a secondary coil in

tile probe or by change of inductance in the probe;
5. A localized change in induced current flow indicates the presence ofa discontinuity

(crack) in the test object.
0. The size (length) of the crack is indicated by the extent o1 the response change as the

probe is scanned along the test object.

Special equipilient a11d specialized probes are required to perform tile inspection.
Procedure development, calibration artifacts and process control arc required to assure
reprodoci bility of response ill the selected test objecl, The methl m is a volume inspection
process :mid therefore loses resolution near edges and at loe;Itiolis of non-unilitbi

geometry chanil,C.

Manual (hand) seanni ni', is pcrflonied using insirunients that have a needle (deflection) oi.
oscilloscope read-out. O)perator interpretation is made by pattern recognition, signal
magnitude and respective hand-scan position. Variations in instrumlent read-out and
variations in scanning can be significant. No pernianut record 1 inspection is provided

Automated scanning is iperformled Mising an instr6unented scanner which kccps track of

probe position and automated signal detection (phase and amplitude) such that a Icsponse
map of' the lest obj1cct surtfcie can he generated. Resolutiom of' the inspection system is
somewhat dependent oin the fidclity of tile scan index and on the filtering and signal
processing that arc applied iin signal dltection. A scan map and/or commcntcd report may
be generated by :u1tomnatcd eddy ealrreill scaninp, and instrumentiltion sysl'ins.
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MANUAL (HAND) SCAN
COST OF INSPECTION LOW
COST OF EQUIPMENT MODERATE

OPERATOR SKILL REQUIREMENTS HIGH
PROCESS CONTROL REQUIREMENTS MODERATE
PROCE'SS VARIANCE / MARGIN REQUIREMENTS MODERATE 1

AUTOMATEI) SCANNING AND INSPECTION i
COST OF INSPECTION MODERATE
COST OF EQUIPMENT IIG11
OPERATOR SKILL REQUIREMENTS MODERATE
PROCESS CONTROL REQUIREMENTS HIGH
PROCEtSS VARIANCE / MARGIN REQUIREMENTS L1OW

* NOTIE: I ddy current methods arc also known as electromagnetic methods.

7.6 ULTRASONIC INSPECTION

Ultrasonic methods of inspeciion arc applied to measure a variety of material
characteristics and conditions, They Lre applied in the flaw detection mode for the
detection of surtace and internal anomalies in test objects. Test objects must support
propagation of acoustic energy and have a geometric configuration that allows the
introduction and detection of acoustic energy in the reflection, transmission or scattered
energy conigurations. Gencral process steps include:

1. An ultrasonic transducer is located in contact or in close proximity to the test object;
2. The transducer is cnrergized in a pulsed mode to direct and propagate acoustic energy

into the test object,
3. Acoustic energy is transmitted, rcflccted and scattered within the Lest object.
4. Energy within the test object is transmitted or redirected by internal interlaces (test

object geometry f'eatures or internal anomalies);
5. Transmitled or redirected energy 'rom the lest object is detected by a transducer

located on or near th' letst object:.
6. The transmitted or redirected energy is analyzed in the time and /or frequency

donains and interpretation of the internal condition oJ the test object is made by the
pattern and amplitude features..

Special equipment and specialized probes arc required to performn the inspection.
IProcedure development, calibration artifacts and process control are required to assure
repioducibility of response in the selected test object. The method is a surface and
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volume iispection process and procedures are varied to increase sensitivity and resolution
of specific test object features.

Manual (hand) scanning is performed using instruments that have an oscilloscope type
read-out. Operator interpretation is made by pattern recognition, signal magnitude, timing
and respective hand-scan position. Variations in instrument read-out and variations in
scanning can be significant. No permanent record of inspection is provided

Automated scanning is performed using an instrumented scanner which keeps track of
probe position and automated signal detection (time, phase and amplitude) such that a
response map of the internal structure of the test object can be generated. Resolution of
the system is somewhat dependent on the fidelity of the scan index and on the filtering
and signal processing that arc applied in signal detection. A scan map and/or commented
report may be generated by automated ultrasonic scanning and instrumentation systems.

MANUAL (HAND) SCAN _

COST OF INSPECTION LOW
COST OF EQUIPMENT MODERATE
'OPERATOR SKILL REQUIREMENTS HIGHt
PROCESS CONTROL REQUIREMENTS MODERATE
P'ROCESS VARIANCE ' MARGIN RE'QUIREMEINTS MODERATE

AUTOMATED SCANNING AND INSPECTION _

COST OFI NSIPECTION MOODERATE-
COST OF EQUIPMENT H-IIGIH
OPERATOR SKILL REQUIREMENTS MODERATE
IIROCFSS CONTROL. REQU IRFMIENTS IIlG 11
,ROCBSS VARIANCE / MARGIN IREQIJIREMEN'I'S L,0W

7.7 TntElRMOGIRAPIlC ]INSPECTION

TL;r;ographic inspection methods are applied to measure a variety of material

characteristics and conditions. They are generally applied in the flaw detection mode for
the detection of interfaces and/or variation of the properties on interfaces within layered
test objects. Test objects must be thermally conductive and the test object surface must be
reasonably unitbrm in color and texture. General process steps include:

1. A pulse of thermal energy is introduced into the test object;
2. Energy is diffused within the test object according to the thermal conductivity, the

thermal mass, inherent temperature differentials and the time of' observation I
measurement;
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3. The thermal state (temperature) of the test object surface is monitored by a
thermographic (scanner) camera with capability for detection in the infrared energy
spectrum;

4. Interpretation is completed by visually monitoring the relative surface temperature as
a function of time and relating temperature differences in tile time domain to the
internal condition and/or structure of the test object;

5. A relative change in surface temperature (at a predetermined time) is indicative of a
change in continuity or connectivity (unbond) in a bonded structure;

6. The size (area map) of an unbond is indicated by the location of the temperature
gradient on the surface at a specific time and is modified by comparison with
responses from similar test objects with similar geometries and thermal mass.

Special equipment is required for both introducing the thermal pulse and for monitoring
the thermal condition of the surface as a function of time. Procedure Lievelopment,
calibration artifacts and process control are required to assure reproducibility of response
in the selected test object. The method is a volume inspection process and therefore loses
resolution near edges and at locations of non-uniflorm geometry change.

Manual inspection is performed using manual control of the thermal pulse process and
human observation and interpretation of the thermal images produced as a function of'
time. A false color, thermal map presentation may be used to aid in discrimination of fine
image features and to aid in pattern recognition. The thermal map may be recorded on
video tape as a function of time. No permanent record of image interpretation is provided

Automated scanning is pcrfbnrmcd using an instrumented scanner which reproducibly
introduces a pulse of thermal energy into the test object and synchronizes pulse
introduction with the "start time" for use in automated image read-out. Automated read-
out is efficted via prce-programmned digital image processing and is test object and
inspection procedure specilic.

r iANIJAI, (IIANI)) SCAN

('OST )OF INSPLI'I'CTIN IOW
COST O1" EQtUJIPME'NT ' .. IG11
oPl'I-ZATOR SKILL1 RE'QUI REMENTS I 11G1I
PROCESS CONTROl. RZEQUIREMENTS III1lt

I'R0(CIESS VARIANCE / MARGIN REQUIREMENTS MODERATEh

AUT(OMATEI) SCANNING AN) INSPECTION

(CO)ST )01: INSPIC'T'ION I.0W
CO)ST ()F IU (QtJIPMIN'l" I111H-
OPEI'FRAT()R SKI1.1, RQIUJIRPMIN'lNS MOI)01IERATE

R(CE'SS ('ONIR()I. Rl1 I-JIRMENTS 111611
PROCE('SS VARIAN(I, /MAR(WIN REQtJIRIMENTS I .W
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7.8 NDE PROCESS OUTPUT

When an NDE process is applied to a test object, thie output response to an anomaly
within the test object will depend on the form of detection (pattern recognition), the

magnitude of the feature that is used in detection, and the relative response magnitude of
the material surrounding the anomaly. For example, in an ultrasonic inspection procedure,
the amplitude of the response from an anomaly within a structure may be used to
discriminate the response from the grain structure (noise) surrounding the anomaly as

"shown in Figure7-1. If the ultrasonic procedure (measurement) is applied repetitively to
the same anomaly, a distribution of responses to both the anomaly and the surrounding
material (grain structure) will be obtained as shown schematically in Figure 7-2. The
measured response distribution reflects the variance in the NDE measurement process and

is typical of that obtained for any measurement process. The response from the
surrounding material constitutes the baseline level for use in discrimination of responses
from internal anomalies. The baseline response may be termed "noise" (far different from

electronic noise that is applied to the measurement instruments) and both the
discrimination capability (anomaly detection) and anomaly sizing (quantification)
capabilities for the NDE procedure are dependent on the relative amplitudes and the rate
of change of the anomaly response with increasing anomaly size (slope). For purpose of

discussion, the signal (plus noise) response will be referred to as the ajgnW and the
baseline response fi'om the surrounding material will be referred to as

UJ SIGNAL PLUS
NOISE

NOISE

POSITION

FIGURE 7-1 SIGNAL, RESPONSE S FOIR A SINGLE ANOMALY
M EASUIREM ENT
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NOISE SIGNAL PLUS
NOISE

UJI 0

0.

SIGNAL MAGNITUDE
(AMPLITUDE)

0

0Z

FIGIJRE 7 -2 SIGNAL (PLUS NOISE) AND NOISE RESPONSE
I)ISTRIBUTIONS

The contsiderable flaw to flaw variance and variance in signal response to flaws of equal
size causes increased spread in the probability density distribution of the signal (plus
noise) response. If a threshold decision (amplitude) level is applied to the responses
shown in Figure 7-2, clear flaw discrimination (detection) can be achieved as shown in
Figure 7-3. If the same threshold decision level (acceptance criteria) is applied to a set of
flaws of a smaller size (as shown in Figure 7-4), clear discrimination cannot be
accomplished.
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NOISE SIGNAL PLUS

I -THRESHOLD NOISE
zZ
z Z DECISION LEVELI 0

0

SIGNAL AGNITUDE I

(AMPLITUDE) i

FIGURE 7-3 FLAW DETECTION AT A THRES8HOI) SIGNAL LEVEL

NOISE THRESHOLD
DECISION LEVE SIGNAL PLUS

ECZENOISE

ii iFLAWS NO
I DETEUED

0 IM SSES)

SIGNAL MAGNITUDE
(AMPLITUDE)'

FI(IIR 7-4 F,'AILURE TO DE'I'ECT SMAIl.ER Fi.AWS AT T1Il, SAME,

TIIRESHOIA) SIGNAL I iVEL
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0 In the example shown, the threshold decision level could be adjusted to a lower signal
magnitude to produce detection. As the signal magnitude is adjusted downward to
achieve detection, a slight increase in the noise level will result in a false call. As the flaw
size decreases, the noise and signal (plus noise) responses will overlap. In such cases, a
downward adjustmcnt in the threshold decision level (to detect all tlaws) will result in an
increase in false c~alls. Figure 7-5 shows an example where the threshold decision level
(acceptance criteria) has been adjusted to a level where a significant number of false calls
will occur. In this examnple, a slight change in flaw signal distribution will also result in
failure to detect a flaw. The NIWE procedure is not robust and is not subject to
qualification or certification flor purposes of primary discrimination. The procedure may,
however, be useful as a prescreening tool, if' it is followed by another procedure that
provides discrimination of the residuals; for example, a neural network detection process
may be structured to provide discrimination at a high thlse call rate, but may be a useful
in-line tool if' other features arn used for purposes of discrimination after the anomaly or
variance is identified..

THRESHOLD
DECISION LEVEL

W SIGNAL PLUS
Z Z
, o0 NOISEJ Dz

- /I falsecalls

00
0 0

SIGNAL MAGNITUDE
(AMPLITUDE)

FI(UIIE 7-5 THRESHOLD DECISION LEVEL RESULTS IN FALSE CALLS

01
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7.9 ACCEPT / REJECT DECISIONS FROM N)E PROCESSES

It is clear that Accept /Reject decisions resulting from the application of an NDE
procedure may result in both detection failures (MISSES) and false position detection
(FALSE CALLS) when the NDF procedure is operated near the limit of discrimination
as shown in Figure 7-5. Theory and analysis methodologies were developed during
World War II to predict the perlfrmance of radar operators in aircraft detection. The
NDE discrimination / detection task is similar in nature and the same principles may be
applied. From decision theory, if we assume a background signal response distribution
(noise), a signal (plus noise) distribution, and a threshold decision level (acceptance
criteria) as shown in Figure 7-6, it is clear that the output will he a combination of
ACCEPT, REJICT, MISSES, ANI) FALSE CALLS.

rnsks THRESHOLD

DECISION LEVEL
Z g SIGNAL PLUS
Z 0. NOISE

LCI

@ ~faIsecaIls

0
0~

SI~ ALI~IAGNITUDE
(AM PLITUDE)

FIGURE 7-6 I)ECISIONS FROM SIGNAL RESPONSES AT LOW
I)ISCRIMINATION LEVELS

The result of decisions from signal response; at low discrimination levels may be
analyzed as a problem in conditional probability. Figure 7-7 is a convenient aid in
visualizing a problem in conditional probability (as contrasted to joint probability -

BLACK / WI IITE).
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* STIMULI
(Flaw Presence)

POS a NEG n
M(Aa) M(An)

POS A TIrue Positive (T.P) I, False Positive (F.P.)
(Flaw/Flaw) (Flaw / No Flaw)

NDESIG ALP(A,a) P(A,n)
(lwR sos)(NO ERROR) TlYPE 11 ERROR)

M(Na) M(Nn),
False Negative (I".N.) "rue Negativcf.(.4

N EG N ~~(No F'law / Flaw) ~ oFa/N~a~j
1P(N,a) X'

(TYPEIA ERROR) ' (NO LERROR)' "

FIGIJRE A,7-7 COND1)ITINAL PROBABILITY IN FLAW I)ETECTION

'l'he outcome ol the NI)E procedure and decision may be:

T'RUE PO0SITIVE (T.P1.),
where M(Aa) is the total number ol '.!l'. calls;
and l'(A,a) or PT.)is thle probability of lI'.l. calls.* 0(Flaw lou1-nd when a Flaw is Present)
(NO Il(ROR CONl)rl'I'ON-Rl;-J I -'CI'I DECCISI ON) - ('ORRECT m, REFCT

leALSE1 POSITIVE, (F.P.),
where M(Ail) is the total number of [-.1). calls;
and PI(A,n) or I(l.)is the probability oft *P. calls.
FIlaw F'ound wlien no Flaw is P~resent)

(TlYNE 11 ERROR CONDITlION - REJECT DEC1-ISION) - FALSE CALL

FALSE NIGA AI'V1C (F.N.),
where M(Na) is the total number ofl-.N. calls;
and P(N,a) or P'(l.N,) is the probability of R'N, calls.

(No Flaw Found wheni a I'law is P~resent)
(TYPIE I EIRRORCO0I IO - ACCEPT I ECSO)-mISS

TREEI NEGATIVE (T.N.),
where M(Nn) is thec total numlber of 'IN. calls;
and lP(N ,n) or I'('l'N.) is the probahi lity of 'E.N. calls.

(No I-law F~ound when no [law is Present)
(NO l;RROR CONIDl'l'ON - ACCEPT-1 DEICISION) - CORRE-CT ACCEPT

I nterdepundencc ofth Ibe atrix qu~antities is denoted by:
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T.P. + F.N. Total opportunities for positive calls.
F.P. + T.N. =Total opportunities for negative calls.

Therefore, only two independent probabilities need be considered in alternate inspection /
decision tasks.

TI-I11 SPECIFICITY of an NDE procedure or the
PROBABILITY OF DETECTION (POD) of flaws may he expressed as:

POD - 'JA__I or Total Numb r of Positiye Calls (REJECTS$
T.P. + F.N. Total Number of Opportunities for Rejection

In like manner, the NONSPECIFITY of an ND1 procedure or the
PROBABILITY OF FALSE ALARMS (FALSE CALLS) may be cxpressed as:

POFA =_ y_ ,or Total Number of False Posiiye (FALSE CALL,)
T.N. + F.P. Total Number of Opportunities for Acceptance

Application of the method requires Ihe use of flawed test objects and assumes that all
flaws are of equal size' and that the variance in flaw response ldistribution is due solely to
the measurement process. Confidence limits fbr the respective prohabilities may he
calculatcd from the data sample size used in the test case.

In practical applications, the NDEI process characteristic that is of primary interest is the
probability of' detection (POD). The acceptability of 'a false call rate (POIA) will be
dependent on the consequence of a false call for a specific application. If fadse calls
require significant efforts for resolution, a low levwl of fIalse calls will be required. If an
economical and efficient secondary method is used to resolve false calls, acceptance may
become part of end to end production process requirements.
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7.10 FLAW RESPONSE VARIANCE IN NDE PROCEDURE APPLICATIONS

All flaws of" equal size do not respond equally when an NI)E procedure is applied. The
physical nature of flaw initiation and growth vary considerably with the origin of the flaw
(initiation source), with the material type involved, with the load history (flaw growth
spectrum) on the test object, with the environment (corrosion) and with the load levels
immediately prior to inspection (NDI procedure application). Crack opening and crack
closure effects have been studied extensively in materials fatigue and fracture properties
measurements. CIack closure has a dominant cffect on crack detectability by X-ray,
liquid penetrant and by ultrasonic inspection methods. Crack closure has lesser effects on
magnetic and eddy current methods.

In pNroduction applications of' NI)I procedurc:;, it is necessary to consider the flaw to flaw
variance and the prior load history on the test object. Flaw closure effects on NDE
p)roccsscs arc not linear and vary with flaw size. Most probability of detection (NI)E)
demonstration studies arc therefiiore conducted with anomalies (cracks) that are thought to
be representative of a "worst case" condition for flaw detection and thercfore provide a
(unquantified) margin for detection of' flaws in the target population. Flaw to flaw
variance in the qualification lest objects is inherent in the variance in NI)El procedure
output and therefore is inherent in the resultant probability of detection data and curves.
I)ocumCntal ion of' the initiation, growth and load history of flaws used in POD
demonstrations is a necessary requirement in reporting and for general use of the P01)
data.

7.11 NI WMARCINS IN PROCESS CONTROL ANI) USE OF NI)E

DEC,(ISION,

'T'he fi1a1 result of applicatioii of' an Ll l) process is widely field to be an absolute (black
or white) decision. T[he pCerception that "it has no flaws because it passed X ray' is
inaccurate as is evident by the discussion of' signal (data) / decision outputs in prior
sections. All measurements arc subject to variance in the measurement process and the
decisions made on the basis of' a measurement are subject to variance that is reflected by
the fidelity and precision of the measurement. In most cases, sufficient margin is
provided to make no diflfrcnee in the decision process. An example might be tie road
mileage from )enver to San Antonio which is listed and rounded off to the nearest mile.
The precision o"' such i'Cported measurement is of little concern if the decision lo be made
is the number of' travel days to allow. A wide margin in use of this measurement is
inherent to the decision process. [hc precision of' the reported measuiement would,
however, be of concern if' the decision to be made is for purpose of survey or land
ownership. T[he narrowest margin possible is desired in the case of the survey decision.
The margin limit is in turn dependent on the variances and hence the precision
uncertailties illCheCi 11 thle llmeasuremenint process. In like manner, inherent variances in
the NI)I- method oi NI)I" procedure must be taken into account in !otth the decision
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processes and in the use of the resultant decision information (data). Risks in accepting a
manual liquid penetrant inspection for detection of a small critical flaw are greater than
the risks in accepting an automated eddy current procedure for the same task. The risks
assumed are inherent to the variances in NDE procedure output (measurement precision)
and the threshold decision level (acceptance criteria) applied.

Margins in use of NI)E data are commonly used in life cycle management of engineering
systems. For example, in life-cycle analysis in aircraft maintenance, it is common
practice to provide for two or more NDE inspection opportunities for detection of
"critical cracks". This does not reduce the requirement for rigor in demonstrating NDE
capabilities for detection at the "critical crack length". As engineering technology
advances, requirements for predicting and measuring NDE procedure variances are
anticipated to be included in requirements for demonstrating NDE capabilities. The added
requirements do not reduce the general applicability of NDE procedures or change the
requirements fbr general applications where the result of imprecision in the NDE
procedure is of little consequence in meeting the design, process control, or life-cycle
management objectives. Application of a margin for NDE acceptance is an element of the
robustness of the design, the reliability of the design and the contidence level associated
with the design reliability,

7,12 LESSONS LEARNEI) IN APPLICATION OF POD METHODS

Lessons learned by application of ](Ol) methods to NDIE procedure characterization
include the following:

* NI)I capabilities arc rarely at the level,,: assumed by deterministic process
management;

* I luman factors in NI)" arc ,nportant, but are most often not the weak link in NDE
procedure application;

a Nl)l capabilities are rarely at the level assumed by use of a "calibration" artifact of a
fixed size (Note: Calibration artifacts ("standards") arc extremely important in
establishing a baseline set-point and a linearity response check for instrumented NI)E
method,,);

* Calibration artifacts are a primary source of variance in the reproducibility and
repeatability oflNDl procedures that are conducted at different locations;

* "Standard" NI)I procedures should be periodically assessed to assure that the
procedure is producing the desired result (Note: The 29/29 point estimate test is a
rapid method of providing assurance of basic and continuing NDE procedure
perfOrmance);

* Not all NI)F- procedures require characterization / quantification. [he use of the
procedure may reduce the need for characterization. (Note: The cost of controlled
process application is the same as that of process application ceremonies); and

• The PO()) mctlied is integral to meeting critical D)AMAGE TOILLRANC F'
I-"Q[ JIRIMI'NIS.
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7.13 SUMMARY

Nondestructive evaluation (NDE) processes have evolved as essential tools in the
production, acceptance, life-cycle operations and maintenance of modem engineering
materials, components, structures and systems. In many applications, a traditional "best
effort" or workmanship confidence in NDE procedure application is adequate to provide
the required level of discrimination and confidence in "fitness for purpose" of the test
object. As demands lbr NDE procedures have increased, new methods and increased
precision in application have been realized, and reliance on NDF, procedure application
has increased to produce increasing efficiencies in engineering designs and to add
confidence in continuing fitness for purpose of aging system. While the basic principles
of NDE processes are simple in concept as described in previous sections of this chapter,
precision and confidence level in application require in-depth understanding and control
of NDE process parameters. Quantification of NDE procedure capabilities is a complex
process and a measure of the maturity of NDl technology. Excellence in NDE procedure
development, qualification, application and management are essential to capable and
reliable NDE process application. This data book is dedicated to the goal of"lTxcellence
in NI)E engineering and NDE process application".
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8. D)ATA BOOK PREýSFNTATION

8.0 J4ORjMAl' O-F' HE A11PENIIC'ES

Reficrence POD data are organized and presented by NDF method inl Appendices (A-F) or
this data 1book. A documentation page precedes each data-sct and provides a condensed
description of' the test object, test artifacts. ND [l~ proceaure', critical characteristics and

parmetrsandreults summary. Tlhe POD) curves Ior varying test object, test artiflact and

data collection conditions f'ollow the documentation page, I -Acl PO1) curve is identified
with thle documentation page and thle original reflerence source for data reporting inl the
flooter. For example. MT1 - 02 (4), relates the PO1) curve to the documentation page with
the samec title and identi fies thle source of'the data as Appendices. Refecrence 4,

P(O)D data arc presentecd as a Funiction of crack length. crack depth, and crack depth-to-
thickness ratio for selected data sets. F'ol' purpo11ses Of' ConlSiSteICY. thle same crack size
range and POD)l analysis model (log-logistic) have been used fior all plots. For simplicity
inl presentlationl and comparison, the lower bounld 95% confidence curve is not shown.
Decletion of' the lower' 95% confidnceic bound inl the 1101) plotu is intended to emiphasize
the need for thle user' to indepenMdently validate NI ) procedllrLS that areV used inl critical
designs,

All lP( ) plots in thecse initial data sets at'e based on -h ItI / miss'' data, The fidelity of' NDI )'
I . proMcedure documentation and details of' the "design of' expeimenmt" vaiy with the data

source and are piesenlted With thle in formlation provided inl the or'iginal ref'erenice. A
parameter' is listed as "niot documented" or "N.A. -not applicable- when such
in fbrmation is niot flound in the original ric ferenice
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INTRODUCTION TO TIlE APPENDICES

The information contained herein is in the same configuration as the original 1 st edition,
published in 1996, and 2nd edition published in 1997, with pages added to provide
upgrade to the third edition. A master index to the Appendices is provided which
includes both the original 1st edition data as well as the added 2nd edition and 3rd edition
data. The indexing nomenclature was changed for the 2nd edition data to provide files
names for the electronic version of The Data Book which is available on CD-ROM.
Therefore, in the Index to the Appendices, the 1st edition data are referenced by both the
original identification (ID) numbers as well as the electronic file names, whereas the 2nd
and 3rd edition data are referenced only by the electronic file names.

The CD version of the Data Book is in Microsoft Windows 95/Word 6.0/Excel, 7.0
Fbrmats. Individual Appendix data files are formatted and stored in Microsoft Excel 7.0.
The master Index to the Appendices is organized and formatted in both Microsoft Word
6.0 and Microsoft Excel 7.0. The search feature of Word 6.0 can be used For reference
while in the Microsoft Word 6.0 application, while the Excel index ..an be used for quick
reference while using the Excel 7.0 application in the data or graphical files modes.

Users are cautioned that the information and data presented is specific to the original
application and is provided lor purposes of reference only. Data arc intended to provide a
refecrence source of what can be accomplished by a specific NDE procedure and may thus
be used as an NIDE engineering reference. The user is responsible for demonstration of
capabilities of a spccific procedure in each critical NDlI application and for transferability
of data to a specific application.
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APPENDIX A: EDDY CURRENT

FILE ID TEST SPECIMENS OPERATOR

A-ETI
A1000(11, OT-01(I)L Eddy current hand scan of

Aluminum flat panels by
crack length

A1001AL ETAAAOIL-A As Machined Operator A
A1001B131 ETAAAO 1,-B As Machined Operator B
A1OOCL ETAAAOIL-C As Machined Operator C
A 1002AL ETAAA02L-A After Etch Operator A
A I 002BL ETAAA02L-B After Etch Operator B
A 1002CI. ETAAA02L-C After Etch Operator C
A1003AL ETAAA03L-A After Proof Operator A
A100313L -TAAA03L-B After Proof Operator B

S1003C1 ETAAA031.-C After Proof Operator C
A-.ET2
A2000(IL ET-02(I)L Eddy current hand scan of

Aluminum flat panels by
crack leqgth

A2002AL ETAAB02L-A After Etch Operator A
A2002B13 I-TAAB02L-B After Etch Operator B
A2002C,. ETAAB02L-C After Etch Operator C
A-ET3
A3000(2L ET-03(2)AL Eddy current hand scan of

Titanium flat panels by
t rack length

A3001_AL_ E1 TAA011,-A As Machined Operator A

A3001CI ETAAOII,-(3 As Machined Operator C3
A3003AI, IIAA03l-A After Proof Operator A
A300311, I1ETAA031 -B After Proof Operator B

A3003CI IFTAA031,-C Aftr Proof Operator C

SA400I2(4L;ET-04(4) Eddy current inspection of
Sixth stage, .185 compressor

"'S!I disks by crack length
SA4.0(}11 1'`TCAA 011I.-1 Bolt Itlolcs tLaboilaory I

,-.,001 3 L'TA0I-I Bl iisaboratory III

A0()14 I £TCAA01I.-IV Bolt I loles Iaboratory IV
A40(0 1 5 lTCAA 0 1.-V Bolt I loles Iaboratory V
A40()16 1 <I('AAO) I l-VI Bolt I iolcs laboratorv VI
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SFILE ID TEST SPECIMENS OPERATOR

"A-ET5
A5000(4L ET-05(4) Eddy current inspection of

Fourth stage, 3185 spacers by
crack length

A500l 1 ETCABOIL-I Bolt Holes Laboratory I
A50013 ETCAB01L-Ill Bolt Holes Laboratory III
A50014 ETCABOIL-IV Bolt Holes Laboratory IV
A50015 ETCABOIL-V Bolt H loles Laboratory V
A50016 ETCABO1L-VI Bolt Holes Laboratory VI
A-ET6
A6000(5A ET-06(5)A Eddy current, hand scan of

Aluminum Aircraft lap
splice joints by crack length

A6001A F-I'AAI IFA- Unpainted, Template 200kHz Facility A, Operator 1
A6001AR ETAAHFA-1R Unpainted, Template 200kHz Facility A, Operator I

Repeat
A6002A EITAA11FA-2 Unpainted, Template 200kt iz Facility A, Operator 2
A6003A ETAAIHFA-3 Unpainted, Template 200kHz Facility A, Operator 3
A6004A ETAAHtFA-4 Unpainted, Template 200khlz Facility A, Operator 4
A6000(5B ET-06(5)B Eddy current, hand scan of

Aluminum Aircraft lap
_______splice joints by crack length

A600IB 17TAAIFB-1 Painted, Sliding Probe, 30kltz lacility B, Operator I
SA6002B ITAAI!1FB-2 Painted, Sliding Probe, 30kllz Facility B, Operator 2
A6003B FTAAHIFB-3 Painted, Sliding Probe, 3Okilz Facility B, Operator 3
A600413 II'AAI IFP-4 Painted, Sliding Probe. 30kliz Facility B, Opcrator 4
A600413,R F-TAAI IFB-41R Painted, Sliding Probe, 30ki-Iz Facility B, Operator 4

Repeat
A6000(5C ET-06(5)C Eddy current, hand scan of

Aluminum Aircraft lap
psplice joints by crack length

A6001 C FITAAI IFC- I Unpainted. Sliding Probe, Facility C, Operator 1
38kllz
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FILE ID) TEST SPECIMENS OPERATOR

A6002C ETAAltFC-2 Unpainted, Sliding Probe, Facility C, Operator 2
38kHz

A6003C ETAAIFC-3 Unpainted, Sliding Probe, Facility C, Operator 3
38kHz

A6004C ETAAIIFC-4R Unpainted, Sliding Probe, Facility C, Operator 4
38kltz

A6004CR ETAAI IFC-4R Unpainted, Sliding Probe, Facility C, Operator 4

38ki z Repeat
A6000(5D ET-06(5)I) Eddy current, hand scan of

Aluminum Aircraft lap
splice joints by crack lengih

A6001D FITAAlIFl)- Unpainted, Template 200kltz Facility D, Operator I
A6002D ETAAI IFD-2 Unpainted, Template 200kHz Facility D, Operator 2
A60021DR [ITAAIHIF)-2R UJnpainted, Template 200kilz Facility D, Operator 2

Repeat
A6003D £TAAHFD-3 Unpainted, Template 200kI tz Facility D, Operator 3
A6004D 'TAAIIIFD-4 Unpainted, Template 200khlz Facility D, Operator 4
A6000(5E 1 ET-06(5)E Eddy current, hand scan of

Aluminum Aircraft lap
splice joints by crack length

A60011E I-TAAI 1FE-1 Painted, Template, 100kIiz Facility F, Operator I
A6002E ETAAI1FE.-2 Painted, Template, 100kllz Facility Ei, Operator 2
A600213R I'TAA11 FI--2R Painted, Template, I 00kl lz Facility E, Operator 2

Repeat
A6003E VTAAItFI-3 Painted, Telnplate, 100kllz Facility E, Operator 3
A6004EI ETAAlIFE-4 Painted, Template, I00kl 1z Facility 1,() Operator 4
A6000(5F ET-06(5)F Eddy current, hand scan of

Aluminum Aircraft lap
splice joints by crack length __ _

A600 11 IFTAAI IFF-I Unpaintcd, Sliding Probe, Facility IF, Operator I
26kllz, MIZ-20_

A6002F I-£TAAI I11"-2 Uinpainted, Sliding Probe, Facility 1, Opcrator 2
26k1-lz, MIZ-20

A60031" I ;TAA1 lI'F-3 Unpaintcd, Sliding Probe, Facility F", Operator 3
26kl lz, MIZ-20

A60041: I'£TAA1 IFF-4 lInpainted, Sliding Probe. Facility F, Operator 4
26ki lz, MIZ-20
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FILE ID ITEST SPECIMENS OPERATOR

A6004FR ETAAHFF-4R Unpainted, Sliding Probe, Facility F, Operator 4
26kHz, MIZ-20 Repeat

A6000(SG ET-06(5)G Eddy Current, hand scan of
Aluminum Aircraft lap
splice joints by crack length

G6001 C FTAAHFG- I Painted, Template 200kl]z Facility G, Operator I
G6001 GR ETAAI IF( 1 R Painted, Template 200kl tz Facility G, Operator I

Repeat
G6002G ETAAI IFG-2 Painted, Template 200kltz Facility G, Operator 2
G6003G ETAAtIIFG-3 Painted, Template 200kliz Facility G, Operator 3
G6004G hITAAI IFG-4 Painted, Template 200kHz Facility G, Operator 4
A6000(5H ET-06(5)1t Eddy Current, hand scan of

Aluminum Aircraft lap
splice joints by crack length

A600 11 ETAAI IFIl- 1 Painted, Sliding Probe, 24k1 lz Facility 1 I, Operator 1
A600211 ETAAI 1"11-2 Painted, Sliding Probe, 24kllz Facility 1 I, Operator 2
A60021 IR ETAAI IF I-2R Painted, Sliding Probe, 24kltz Facility II, Operator 2,

Repeat
A600311 FII'AAHtFII-3 Painted, Sliding Probe, 24kllz Facility 11, Operator 3
A600411 ETAAI IFIl-4 Painted, Sliding Probe, 24kliz Facility I1, Operator 4
A6000(5J ET-06(5)., Eddy Current, hand scan of

Aluminum Aircraft lap
splice joints by crack length

A600 1.1 FITAAI IF.- I Painted, Sliding Probe, Facility J, Operator I
250kllz, NDT-19

A6001 JR EFTAAI IF.- 1 R Painted, Sliding Probe, Facility J, Operator 1
250ki lz, NDIT-19 Repeat

A6002J I'TAAI IF1'-2 Painted, Sliding Probe, lacility J, Operator 2
250kliz, MIZ-20

A6003.1 b'TAAI ll"J-3 Painted, Sliding Probe, Facility J, Operator 3
250k1 lzMIZ-20

SA6004.1 IE'I'AA11.l-4 Painted, 460ki Iz, rotating Facility.1, Operator 4
,'A 4 probe
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APPENDIX A: EDDY CURRENT

FILE ID TEST SPECIMENS I OPERATOR

A-ET7
A7000(2)L Eddy current inspection of

4340 steel flat plate panels,
by crack length

A7001AL As Machined. Operator A
A7001BL As Machined Operator B
A7001CL As Machined Operator C
A7003AL Etched and Proof Loaded Operator A
A7003BL Etched and Proof Loaded Operator B
A7003CL Etched and Proof Loaded Operator C
A-ET8
A8000(7) Eddy current inspection

of bolt holes in J85,
seventh stage
compressor disks, by
crack length

A8001L Bolt Holes Organization A
A8002L Bolt Holes Organization B at 0.5

threshold.
A8003L Bolt Holes Organization B at 0.8

threshold.

A8004L Bolt Holes Organization A with
automatic pattern
recognition.

A8005L Bolt Holes Organization A
A8006L Bolt Holes Organization C
A-ET9
A9000(3)L,D Eddy Current Scan of

Aircraft Stiffened Stringer
Panels

A9001(3)L As Machined By Length
A9002(3)L After Etch
A9003(3)L After Riveting to a

Substrate Panel
A9001(3)D As Machined By Depth
A9002(3)D After Etch
A9003(3)D Aftel Riveting to a

Substrate Panel
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APPENDIX A: EDDY CURRENT

FILE ID TEST SPECIMENS OPERATOR

A-ETA --

AAOOO(3)L Eddy Current Inspection
of Lack of Penetration
Defects in Welds

AA001 (3)L As Welded and Scarfed Combined 3 Operators
AAQO2(3)L After Etch
AA003(3)L After Proof Loading

A-ETB
AB000(3)L Eddy Current Inspection

of Longitudinal Fatigue
Cracks in Welds with
Crowns

AB001 (3)L As Welded and Scarfed Combined - 3 Operators
ABO02(3)L After Etch
ABO03(3)L After Proof Loading

A-ETC
AC000(3)L Eddy Current Inspection

of Transverse Fatigue
* Cracks in Welds with

Crowns
AC001 (3)L As Welded and Scarfed Combined - 3 Operators
AC002(3)L After Etch
AC003(3)L After Proof Loading

A-ETD
ADOOO(3)L Eddy Current Inspection

of Longitudinal Fatigue
_____Cracks in Flush Welds

AD001(3)L As Welded and Scarfed Combined - 3 Operators
AD002(3)L After Etch
AD003(3)L After Proof Loading
A-ETE
AEOOO(3)L Eddy Current Inspection

of Transverse Fatigue
Cracks in Flush Welds

AE001(3)L As Welded and Scarfed Combined - 3 Operators
AE002(3)L After Etch
AE003(3)L After Proof Loading
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APPENDIX B: MAGNETIC PARTICLE

FILE I) j TEST SPECIMENS JOPERATOR

B-MT1
B1000(2) Magnetic particle

inspection of 4340 steel
flat panels by crack
length

B1001AL As machined Operator A
B1001BL As machined Operator B
B1001CL As machined Operator C
B1003AL After etch and proof Operator A
B1003BL After etch and proof Operator B
B1003CL After etch and proof Operator C
B-MT2
B2000(4) MT-02(4) Magnetic particle

inspection of J85 / sixth
stage compressor disks,
by crack length

B2001 1 MICAA01L-I Boll holes Organization 1
1B20012 MTCAA01L-II Bolt I olcs Organization 2
B20013 MTCAA01L-III Bolt Iloles; Organiztion 3
B-MT3
B3000(4) MT-03(4) Magnetic particle

inspection of J85 / fourth
stage spacers, by crack
length

B30011 M-TCAB01L-I Bolt I loics Organization 1
B30012 MTCAB01L-II Bolt I olcs Organization 2

_ B-MT4

A4000(7) Magnetic particle
inspection of J-85,
seventh stage
compressor disks, by

____crack length
A4001(7) J-85, seventh stage Organization D

_ _ _compressor disks.
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APPENDIX C: FLUORESCENT PENTRANT

FILE TID - TSTSPECIMENS OPERZATOR -

C-PTI _ _ _ _ _ _ _ _ _

CIOOO(IL -PT-01(IL Fluorescent penetrant on
aluminum flat plates,
0.060" and 0.220"
thickn~esses, by crack
length _________

C1001AL PTAAAOI1L-A As Machined Operator A
C1001BL PTAAAOIL-B As Machined Operator B ___

C1001CL PTAAAO 1L-C As Machined Operator C
C1002AL PTAAA02L--A After Etch Operator A
C1002BL PTAAAO2L-B After Etch Operator B
C1002CL PTAAAO2L-C After Etch Operator C ___

C 1003AL PTAAAO3L-A After Proof Operator A
C1003BL PTAAAO3L-B After Proof Operator B ___

C1003CL PTAAAO3L-C After Proof _____Operator C
C-PT2_________

C2000(1 L PT-02( L -Fluorescent penetrant on
aluminum flat plates,
0.085" arnd 0.220"
thicknesses, by crack

C200AL - PTABOL-A length
_________ ____________ After Etch Operator A

C2002BL PTAABO2L-B After Etch Operator B
C2002CL -PTAABO2L-C After Etch Operator C
C-PT3__ _ _ _ _ __ _ _ _ _

C3000(2L PT-03(2LAL Fluorescent penetrant on
titanium flat plates,
0.065" and 0.225"
thickness, by crack
length ___

C3001AL PTAA01 L-A As Machined Operator A
0C3001 BL -PTAA01 L-B As Machined Operator B
03001 CL PTPAA0 L-C AsMachined Operator C

C3002AL PTkAA2L-A After Etch - Operator A _

C3002BL PTAAO2L-B AfterEtch O peratorB
C3002CL PTAAO2L-C After Etch Oeao
C3003AL -PTAAO3L-A After Proof__ Operator A -----
C3003BL PTAAO31--B After Proof ______Operator B
C3003CL PTAA03L-_C__ After Proof __Operator C __
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APPENDIX C: FLUORESCENT PENTRANT

FILL, ] 11) TEST SP~ECIMENS OPERATOR

C-PT4 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

C4000(4L PT-04(4L Fluorescent penetrant of
J85 / sixth stage
compressor disks, by
crack length

0400011 PTCAAO1 L-lI Bolt Holes Organization 1
0400012 PTCAAO1L-ll Bolt Holes Organization 2
0400013 PTCAAO1L-lU1 Bolt Holes Organization 3
0400014 PITCAAOIL-IV Bolt Holes -Organization 4
C-PT5___________

C5OOO(4L PT-05(4L Fluorescent penetrant of
J85 I fourth stage

________ ________ spacers, by crack length ___________

C500011 PTCAB01L-l Bolt Holes Organization 1
0500012 PTCABOIL-11 Bolt Holes _______Organization 2
0500014 __PTCABOIL-IV Bolt Holes Organization 4
0500016 PTCABO1L-VI Bolt Holes Organization 6
C-PT6 ______

C6000(2) Fluorescent penetrant on
4340 steel flat plates, by

_______ __ crack length ____

____AL As Machined -Operator A
C6001 BL ___ As Machined Operator B
C6001CL _____ As Machined ____Operator C
C6002AL -____- After Etch ___ __Operator A -

C6002BL ____After Etch __Operator B______
C6002CL ____ __ After Etch _____Operator C ____

_______L After Etch and Proof Operator A
C6003BL ____ After Etch and Proof ___Operator B
C6003CL _____After Etch ad P5roof Operator C ___

_C-PT7 _ ____ ____

C7000(7L Fluorescent penetrant of
J85 / Seý-venth stage
compressor disks, by

--- crack length_____
C7001L __ _Bolt.Holes Organization A ___

C7002L ____BoltHole' ___ Organization B __

C7003L Bolot HCes Organization C__
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APPENDIX C: FLUORESCENT PENTRANT

FILE [E_ D TEST SPECIMENS JOPERATOR

C-PT8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

C8000(3)L,D Fluorescent Penetrant Combined - 3 Operators
Inspection of Aircraft

S~Stiffened Stringer Panels
C8001(3)L As Machined By Length
C8002(3)L After Etch
C8003(3)L After Riveting to a

Substrate Panel
08001(3)D As Machined By Depth
C8002(3)D After Etch___
C8003(3)D After Riveting to a

Substrate Panel
C-PT9__ _ ___ _ _ _ _ _ _ _

C9000(3)L Fluorescent Penetrant
Inspection of Lack of
Penetration (LOP)
Defects in Aluminum
Alloy GTA Welds

0900 1(3)L As Welded Combined - 3 Operators
* ~C9002(3)L After Scarfing __________

WC9003(3)L After Etch
09004(3)L After Proof Loading____________
C-PTA_______ __

CAOOO(3)L Fluorescent Penetrant
Inspection of
Longitudinal Fatigue
Cracks in Welds with
Crowns

CA001 (3)1 - - -As Welded and Scarfed Combined - 3 Operators
CAOO2(3)L After-Etch__________
CA0O3(3)L -After Proof Loading ___________

C-PTB _ __ _ _ _ _ _ _ _ _ _ _ _ _ _

%CBQOO(3)L Fluorescent Penetran~t
Insection of Transverse
Fatigue Cracks in Welds

Swith Crowns
CB001 (3)L -As Welded and Scarfed C~ombined_- 3 Operators
CB002(3)L After Etch____________
CB003(3)L Alter Proof Load~ing-
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APPENDIX C: FLUORESCENT PENTRANT

FILE ID TEST SPECIMENS O'ERATOR

C-PTC
CCOOO(3)L Fluorescent Penetrant

Inspection of
Longitudinal Fatigue
Cracks in Flush Welds

CC001(3)L As Welded and Scarfed Combined - 3 Operators
CC002(3)L After Etch
CC003(3)L After Proof Loading
C-PTD
CD000(3)L Fluorescent Penetrant

Inspection of Transverse
Fatigue Ci cks in Flush
Welds

CD001(3)L As Welded and Scarfed Combined - 3 Operators
CDO02(3)L After Etch
CDO03(3)L After Proof Loading
C-PTE
CEOOO(6)L, D Water Washable

Fluorescent Penetrant
on Haynes 188 Flat
Panels

CE011(6)L No Developer, by Length Facility 1, Operator A
CE011(6)D No Developer, by Depth Facility 1, Operator A
CE012(6)L CEO11(6)L, with Aqueous Facility 1, Operator A

Developer

rE012(6)D CEO 1(6)D, with Aqueous Facility 1, Operator A
Developer

CE021(6)L No Developer, by Length Facility 1, Operator B
CE021(6)D No Developer, by Depth Facility 1, Operator B
CE022(6)L CEO11(6)L, with Aqueous Facility 1, Operator B

__ Developer
_- 0 13). DO116, with Aqueous Facility 1, Operator B

. Developer

CE031(6)L No Developer, by Length Facility 1, Operator C
CE031(6)D No Developer, by Depth Facility 1, Operator C
CF032(6)l. CEO1 1(6)L, with Aqueous Facility 1, Operator C

Developer
CE032(6)D CEO11(6)D, with Aqueous Facility 1, Operator C

Developer

CE041(3)L No Developer, by Length Facility 1, Operator H
CE041(3)D No Developer, by Depth Facility 1, Operator H

I (7/ P'agc A-12
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APPENDIX C: FLUORESCENT PENTRANT

OFILE JID TEST SPEINIENS, OPIKRATOR

TE426) CEO? 1f6?L wwiz? Aqieous Facifity Operator H
_____ ____ ___Deveiope'

CE042(6)D CEO0, , .3 Z:t, prao

CEO51 (6)L '-.i~- )ce-acr j

CEO51(6)D %: ccc '.2crf- n. vea
CEO52t6ý1- Fr L #'tr f

CEQ52t60D-~ Cw ir

tE1721 6-ýL Z* I- air, AN**1r

CE06216)1) r- ~i.C~eac

CE072(6)L -CEO" I3 Oic~' ~*fator R
__________ _________De'*.e~pe, _ _ _

CE072(6)D CEO11i61D watrAqueous Factlitý I Operator R
______ _____ ~Developer_ _ _ _ _ _ _

CEO81 (6)L 4060 mwatts Black Light Facility 1. Operator
CEO81(6)D -400 mwatts Black Light Facility 1. Operator G
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APPENDIX D: ULTRASONIC INSPECTION

FILE 1) EST SPECIMENS jOPERATOR

D-UTI
D1000(IL UT-O1(1)L Ultrasonic inspection

(surface wave) on
aluminum flat plates,
0.060" and 0.220"
thicknesses, by crack
length

D1001AL UTAAA1L-A As Machined Operator A
D1001BL UTAAAO1L-B As Machined Operator B
D1001CL UTAAAO1L-C As Machined Operator C
D1002AL UTAAA02L-A After Etch Operator A
D1002BL UTAAA02L-B After Etch Operator B
D1002CL UTAAA02L-C After Etch Operator C
D1003AL UTAAA03L-A After Proof Operator A
D1003BL UTAAA03L-B After Proof Operator B
DI003CL UTAAA03L-C After Proof Operator C
DO00(1)D UT-01(1)D Ultrasonic inspection

(surface wave) on
aluminum flat plates,
0.060" and 0.220"
thicknesses, by crack
depth

D1001AD UT-AAAOID-A As Machined Operator A
D1001BD UT-AAAO1D-B As Machined Operator B
D1001CD UT-AAA01D-C As Machined Operator C
D1002AD UT-AAA02D-A After Etch Operator A
D1002BD UT-AAA02D-B After Etch Operator B
D!002CD UT--AAA02D-C After Etch Operator C
D1003AD UT-AAA03D-A After Proof Operator A
D1003BD UT-AAA03D-B After Proof Operator B
D1003CD UT-AAA03D-C After Proof Operator C
D-UT2
D2000(1 UT-O2(1)L Ultrasonic inspection

(surface wave) on
aluminum flat plates,
0.085" and 0.220"
thicknesses, by crack
length .,.id depth

D2002AL UTAAB02L-A After Ech, By Length Operator A
D2002BL UTAAB02L-B After Ech, By Length ____perator B
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APPENDIX D: ULTRASONIC INSPECTION

FILE ID TEST SPECIMENS JOPERATOR

D2002CL UTAABO2L-C After Ech, By Length Operator C
D2002AD UTAABO2D-A After Ech, By Depth Operator A
D2002BD UTAAB02D-B After Ech, By Depth Operator B
D2002CD UTAAB02D-C After Ech, By Depth Operator C
D-UT3
D3000(2L UT-03(2)A L Ultrasonic inspection

(surface wave) on
titanium flat plates,
0.065" and 0.225"
thickness, by crack
length

D3001AI. UJTAAOIL-A As Machined Operator A
D3001BL UTAAO1I-13 As Machincd Operator B
D300iCL tUTAA()1L-C As Machined Operator C
D3003AL UJTAA03I.-A After Proof Operator A
D3003BL UTAA03I.-B After Proof Operator B
D3003CL tUITAA03L-(" After Proof Operator C
D-UT4
D4000(4 UT-04(4) Ultrasonic inspection

(surface wave) in J85 I
sixth stage compressor
disks, by crack length

D4004 UTCAA01LW-IV Bolt Holes Organization 4
D-UT5
D5000(4 uT-05(4) Ultrasonic inspection

(surface wave) in J85 /
fourth stage spaceis, by
crack length

D5004 UTCABO1LW-IV Bolt Holes Organization 4
D-UT6
D6000(2) Ultrasonic inspection

(surface wave) on 4340
steel plates, by crack
length.

D6001AL As Machined Operator A
D6001BL As Machined Operator B
D6001CL As Machined Operator C
D6003AL _After Proof Operator A
D6003BL After Proof _ Operator B
D6003CL After Proof Operator C
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APPENDIX D: ULTRASONIC INSPECTION

FILE__ IDEST SPECIMENS JOPERATOR

D-UT7_______ __

D7000(7)L Ultrasonic inspection of
J85 I seventh stage
compressor disks, by
crack length ______

D7001 L Bolt Holes Organization A,
__- ___ __ I Operator 1

D7002L Bolt Holes Organization A,
_________________ Operator 2

D7003L Bolt Holes jOrganizatien C
4 ~~~D-UT8 ________

D8000(3)L, D Ultrasonic Inspection of Combined - 3 Operators
Aircraft Stiffened
Stringer Panels

D8001(3)L As Machined By Length
D8002(3)L After Etch
D8003(3)L After Riveting to a

Substrate Panel
D8OO1(3)D _______As Machined By Depth
L',3002(3)D ______After Etch
D8003(3)D After Riveting to a

__________ __________Substrate Panel
D-UT9 _______

D9000(3)L, 0 Ultrasonic Inspection of Combined -3 Operators
Lack of Penetration
(L-OP) Defects in
Aluminum Alloy GTA

______ ~~~Welds__________
D9001(3)L _______As Welded and Scarfed By Length

D9002(3)L _______After Etch___________
D9003(3)L AfterProof Loading___________
rD9 001 (3)D ______ As Welded and Scarfed -By Depth
D9002(3)D _______After Etch_______ ______

D9003(3)D _______AfterProof Loading _________

D9004(3)L As Welded and Scarfed By Length
D9005(3)L _______After Etch
D9006(3)L _______AfterProof Loading___________
D9004(3)D _______As Welded and Scarfed By Depth
D9005(3)D _______After Etch

V ~D9006(3)D _______AfterProof Loading ___ _______
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APPENDIX D: ULTRASONIC INSPECTION

FiLE [1 TEST SPECIMENS 1O1ERATOR

D-UT9
DAOOO(3)L,D Ultrasonic Inspection of Combined - 3 Operators

Longitudinal Fatigue
Cracks in Welds with
Crowns

DA001(3)L As Welded and Scarfed By Length
DA002(3)L After Etch
DA003(3)L AfterProof Loading
DAOO1(3)D As Welded and Scarfed By Depth
DA002(3)D After Etch
DA003(3)D AfterProof Loading
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APPENDIX E: VISUAL INSPECTION /OPTICAL MICROSCOPY

SFILE ID TEST SPECIMENS =OPERATOR

E-VT1
E1000(6) Visual inspection of

fatigue cracks in Inconel
718 and Haynes 188 flat
p la t e s , b y c r a c k le n g t h _ _ _ _ _ _ d a t a _ u si n g

E1001AL Unaided visual inspection Anonymous data using
with 7X magnification for panels from the
verification referenced work.

E1002AL Visual inspection with 30X Anonymous data using
magnification, panels from the

referenced work.

E-VT2
E2000(4 VT-02/4) Visual inspection of J85 /

sixth stage compressor
disks, by crack length

E2006 Bolt Holes I Organization Vi
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APPENDIX F: X-RADIOGRAPHIC INSPECTION

F-XTI
F1060(1)L XT-01(1)A L X-radiography on

aluminum flat plates,
0.060" thick,

-_ _by crack length
F10601AL XTAAA01L-A I As Machined Operator A
F10601BL XTAAA01L-B As Machined Operator B
F10601CL XTAAA01 L-C As Machined Operator C
F10602AL XTAAA02L-A After Etch Operator A
F10602BL XTAAAO2L-B After Etch Operator B
F10602CL XTAAA02L-C After Etch Operator C
F10603AL XTAAA03L-A After Proof Operator A
F10603BL XTAAA03L-B After Proof Operator B
Fi0603CL XTAAA03L-C After Proof Operator C
F1060(1)D XT-01(1)A D X-radiography on

aluminum flat plates,
0.060" thick, by crack

__depth

Fi0601AD XTAAA01D-A As Machined Operator A
F10601BD XTAAA01D-B As Machined Operator B
F10601CD XTAAA1ID-C As Machined Operator C
F10602AD XTAAA02D-A After Etch Operator A
F10602BD XTAAA02D-B After Etch Operator B
F10602CD XTAAA02D-C After Etch Operator C
F10603AD XTAAA03D.-A After Proof Operator A
F10603BD XTAAA03D-B After Proof Operator B
F10603CD XTAAA03D-C After Proof Operator C
F1000(1)A XT-01(1)C a/T X-radiography on

aluminum flat plates,
combined 0.060" and
0.220 " thicknesses, by
crack depth to thickness
ratio

F10001AA XTAAA01a/T-A As Machined Operator A
F10001BA XTAAA01a/T- B As Machined Operator B

0
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APPENDIX F: X-RADIOGRAPHIC INSPECTION

FFILE riD =TEST SPECIMENS OPERATOR

F10001CA XTAAA01a/T-C As Machined Operator C
FIO002AA XTAAA02a/T-A After Etch Operator A
F10002BA XTAAA02aFT-B After Etch Operator B
F10002CA XTAAA02a/T-C After Etch Operator C
FiO003AA XTAAA03afT-A After Proof Operator A
F10003BA XTAAA03a/T-B After Proof Operator B

F10003CA XTAAA03a/T-C After Proof Operator C
F1220(1)L XT-01(1)B L X-radiography on

aluminum flat plates,
0.220" thick,
by crack length

F12201AL XTAAAO1L-A As Machined Operator A

F12201BL XT.AAA01L-B As Machined Operator B
F12201CL XTAAA01L-C As Machined Operator C
F12202AL XTAAA02L-A After Etch Operator A
F12202BL XTAAA02L-B After Etch Operator B
F12202CL XTAAA02L-C After Etch Operator C
F1 2203AL XTAAA03L-A After Proof Operator A
F12203BL XTAAA03L-B After Proof Operator B
F12203CL XTAAA03L-C After Proof Operator C
F1220(1)D XT-01(1)B D X-radiography on

aluminum flat plates,
0.220" thick, by crack
depth

F12201AD XTAAAO1D-A As Machined Operator A
F12201BD XTAAA01D-B As Machined Operator B

F12201CD X"FAAAo1D-C As Machined Operator C
F12202AD XTAAA02D-A After Etch Operator A
F12202BD XTAAA02D-B Alter Etch Operator B
F12202CD XTAAA02D-C After Etch Operator C
F12203AD XTAAA03D-A After Proof Operator A
F19-903BD yTAAAO3DB After Proof nOperatr B

F12203CDI XTAAA03D-C After Proof Operator C
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L •:-- •'fl§1•--:; •



APPENDIX F: X-RADIOGRAPHIC INSPECTION

FILE 11) TEST SPECIMENS [OPERATOR

F-XT2
F2000(1)L XT-02(1)A L X-radiography on

aluminum flat plates,
0.085" and 0.220"
thicknesses, by crack
length

F20852AL XTAAB02L-A After Etch, 0.085 inch thick Operator A
F20852BL XTAAB02L-B After Etch, 0.085 inch thick Operator B
F20852CL XTAAB02L-C After Etch, 0.085 inch thick Operator C
F22202AL XTAAB02L-A After Etch, 0.220 inch thick Operator A
F22202BL XTAABO2L-B After Etch, 0.220 inch thick Operator B
F22202CL XTAAB02L-C After Etch, 0.220 inch thick Operator C
F2000(1)D XT-01(1)A D X-radiography on

aluminum flat plates,
0.085" thick, and 0.220"
thick by crack depth

F20852AD XTAAB02D-A After Etch, 0.085 inch thick Operator A
F20852BD XTAAB02D-B After Etch, 0.085 inch thick Operator B
F20852CD XTAAB02D-C After Etch, 0.085 inch thick Operator C
F22202AD XTAAB02D-A After Etch, 0.220 inch thick Operator A
F22202BD XTAABO2D-B After Etch, 0.220 inch thick Operator B

F22202CD XTAABO2D-C After Etch, 0.220 inch thick Operator C
F2000(1)A XT-01(1)C a/T X-radiography on

aluminum flat plates,
combined 0.085" and
0.220 " thicknesses, by
crack depth to thickness
ratio

F20002AA XTAAB02a/T-A After Etch. Operator A
F20002BA XTAAB02a/T-B After Etch Operator B
F20002CA XTAAB02a/T-C After Etch Operator C
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APPENDIX F: X-RADIOGRAPHIC INSPECTION

FILE ID TEST SPECIMENS OPERATOR

F-XT3_ __

F3000(2)L XT-03(2)A L X-radiography on titanium
flat plates, 0.065" and
0.225" thickness, by crack
length

F30651AL XTAA01L-A As Machined, 0.065 inch Operator A
thick

F30651BL XTAAO1L-B As Machined, 0.065 inch Operator B
thick

F30651CL XTAAOIL-C As Machined, 0.065 inch Operator C
thick

F30653AL XTAA03L-A After Proof, 0.065 inch thick Operator A
F30653BL XTAA03L-E After Proof, 0.065 inch thick Operator B
F30653CL XTAA03L-C After Proof, 0.065 inch thick Operator C

F32251AL XIAA01L-A As Machined, 0.225 inch Operator A
I thick

F32251BL XTAA01L-B As Machined, 0.225 inch Operator B
___thick

F32251CL XTAA01 L-C As Machined, 0.225 inch Operator C
thick

F32253AL XTAA03L-A After Proof, 0.225 inch thick Operator A
F32253BL XTAA03L-B After Proof, 0.225 inch thick Operator B
F32253CL XTAA03L-C After Proof, 0.225 inch thick Operator C

F3000(1)D XT-01(1)A D X-radiography on titanium
flat plates, 0.065" and
0.225" thickness, by crack
depth

F30651AD XTAAO1D-A As Machined, 0.065 inch Operator A
thick

F30651BD XTAAO1D-B As Machined, 0.065 inch Operator B
thick

F30651CD XTAAO1D-C As Machined, 0.065 incl Operator C
thick

F30653AD XTAAO3D-A After Proof, 0.065 inch thick Operatur A
F30653BD XTAA03D-B After Proof, 0.065 inch thick Operator B
F30653CD XTAAO3D-C After Proof, 0.065 inch thick Operator C

II0 ljIgc A-22



APPENDIX F: X-RADIOGRAPHIC ýNSPECTION

FILE, 1) :=TEST SPECIMENS OPERATOR

F32251AD XTAA01D-A As Machined, 0.225 inch Operator A
thick

F32251BD XTAA01D-B As Machined, 0.225 inch Operator B
thick

F32251CD XTAAO1D-C As Machined, 0.225 inch Operator C
thick

F32253AD XTAA03D-A After Proof, 0.225 inch thick Operator A
F32253BD XTAA03D-B After Proof, 0.225 inch thick Operator B
F32253CD XTAA03D-C After Proof, 0.225 inch thick Operator C
F-XT4

F4060(2)L X-radiography on 0.060
inch thick 4340 steel flat
plates

F40601AL As Machined Operator A
F40601BL As Machined Operator B
F40601CL As Machined Operator C
F40603AL After Etch and Proof Operator A
F40603BL After Etch and Proof Operator B
F40603CL After Etch and Proof Operator C
F4250(2)L X-radiography on 0.250

inch thick 4342 steel flat
plates

F42501AL As Machined Operator A
F42501BL As Machined Operator B
F42501CL As Machined Operator C
F42503AL After Etch and Proof Operator A
F42503B13_ After Etch and Proof Operator B
F42503CL After Etch and Proof Operator C
F-XT5
F5000(3)L, D X-Radiographic Inspection Combined - 3 Operators

of Lack of Penetration
(LOP) Defects in Aluminum

I _Alloy GTA Welds
F5001(3)L As Welded and Scarfed By Length
F5002(3)L After Etc!h
F5003(3)L After Proof Loading __

F5001(3)D As Welded and Scarfed By'Depth
"F5002(3)D After Etch __

"F5003(3)D _ After Proof Loading __

I I7agc 1`-29



APPENDIX F: X-RADIOGRAPHIC INSPECTION

FILE 11I) ___ 1CIEN OPERATOR

F-XT6
F6000(3)L, D X-Radiographic Inspection of Combined - 3

IL.ongitudinal Fatigue Cracks Operators
_________in Welds with Crowns__________

F6001 (3)L As Welded and Scarfed By Length
F6002(3)L _______After Etch __________

F6003(3)L After Proof Loading
F6001(3)D _______As Welded and Scarfed By Depth
F0002(3)D After Etch
F6003(3)D After Proof Loading
F-XT7 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

F7000(3)L, 0 X-Radiographic Inspection of Combined - 3
Transverse Fatigue Cracks in Operators

_________ _________Welds with Crowns__________

F7001(3)1. _______As Welded and Scarfed By Length
F7002(3)L _______After Etch
F7003(3)L _______ After Proof Loading ________

F7001(3)D _______AsVWelded and Scarfed -By Depth
F7002(3)D After Etch
F7003(3)D After Proof Loading _________

F-XT8__
F8000(3)L, D X-Radiographic Inspection of Combined - 3

L.ongitudinal Fatigue Cracks Operators
in Flush Welds __ ___

F8001 (3)L _______As Welded and Scarfed -By Length
F-8002(3)1- After Etch_________
F800)3(3)L After Proof Loading___________
F8001(3)D _______As Welded and Scarfed - By Depth
F8002(3)D ___After E'tch ________

F8003(3)D _______After ProfLadn

F-XT9________

F9000(3)L, 0 X-Radiographic Inspection of
Transverse Fatigue Cracks in

__________Flush Welds
F9001(3)L _______As Welded and Scarfed By Length
F9002(3)L __ ____After Etch
F9003(3)L _-_ After Proof Loading
F9001(3)D _______As Welded and Scarfed By Depth
F9002(3)D After Etch
F9003(3)D -~After Proof Loading ____ _____

I I 'Y7l~age A-24



APPENDIX G: EMERGING INSPECTION METHODS

FILE ID _1)TEST SPECIMENS ] OPERATOR

G-ZT__ _ _ _ __ _ _ _ _ _

G10I0(11L ZT-01(1) Holographic
Interferometry on
aluminum flat plates

"GIt 00O3AL ZTAAA03L-A After Proof, by Length Operator A
G10003BL ZTAAA03L-B After Proof, by Length Operator B
G G10003AD ZTAAA03D-A After Proof, by Depth Operator A
G10003BD 1 ZTAAA03D-B After Proof, by Depth Operator B
G10003AA ZTAAA03a/T-A After Proof, by Crack Depth Operator A

to Thickness Ratio
G10003BA ZTAAA03a/T-B After Proof, by Crack Depth Operator B

to Thickness Ratio
G-ZT2
G2000(7)L "Edge of Light"

inspection on J85 /
seventh stage
compressor disks, by
crack length

G2001L Bolt Holes Organization A

0
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NONDESTRUCTIVE TESTING INFORMATION ANALYSIS CENTESR
415 Crystal Creek Dnve -Austin. Texas 78746

I- -"Pone 1(51l2) 263.2106' FAX 4(512) 263-3530 - e-mail: ntiac@access~texas.gov

Jine 2, 1998

Office of the Director of Defense
Re scare h and Engineering

Advanced Technology
Room 3D)1089
3080 Defense Penta~yor
Washington, DC 20301-3080

Attnv Dr. L. Sloter, Staff Specialist for Materialls and Structures

SUbject: Submission of Final Data Book ais a Deliverable und-ir CDRLA0)09,

k (~Contract SPO700-97-D-4t)03

Dear Dr. Sloter:

In contonnance with Contract Data RCLquiremecnts List Item A009. enclosed are two
copies of' the Nvondestructuvc' Evaluation (Ni)E) Capabilities Data Book, Thiir Edition,
NTIAC: D13-97-02 submitted as a deliverable under NTIAC Contract SP0700-97-D-
4003. Approval of this deliverable waIS r0ceiVed InI Vour1 letter of Mlay 26, 1998.
E'nclosed are both a fhard cop~y Of the Data Book in a three ring binder format and an
clcctronic vcirsion on a CD. Udditional copies have been distributed In conformanice with
C DRI, A009)

Sincerely,

(Acorge A. )Mtzkanlii Dih..ctor
IN If ML

cc 1)1 l( l (Ii'lainc St.\ us, Ron I ldic; W'CclCOSUr7C)
Dl I( -O(v (("'clnclositiic)
MSCC, PLI (BLUlarbar Ni Ics; w encosure)
%lionte Felfin,_thain. TRI :Austinl; (' twocncOSLIIe)

A 01T'(,-~ ud I'-t r ftrnulior ArnalysiF, Cen ter Coerar~ed 5y

______________________________________ R U TRI/AuSTIN


